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Abstract: Pulsars have at least two impressive applications. First, they can be
used  as  highly  accurate  clocks,  comparable  in  stability  to  atomic  clocks;
secondly, a small subset of pulsars, millisecond X-ray pulsars, provide all the
necessary ingredients for a passive galactic positioning system. This is known
in  astronautics  as  X-ray  pulsar-based  navigation  (XNAV).  XNAV  is
comparable to GPS, except that it operates on a galactic scale. I propose a
SETI-XNAV  research  program  to  test  the  hypothesis  that  this  pulsar
positioning  system might  be  an  instance  of  galactic-scale  engineering  by
extraterrestrial beings (section 4). The paper starts by exposing the basics of
pulsar navigation (section 2), continues with a critique of the rejection of the
extraterrestrial hypothesis when pulsars were first discovered (section 3). The
core  section  4 proposes  lines  of  inquiry  for  SETI-XNAV,  related  to:  the
pulsar distribution and power in the galaxy; their population; their evolution;
possible  pulse synchronizations;  pulsar  usability  when navigating near  the
speed  of  light;  decoding  galactic  coordinates;  directed  panspermia;  and
information content in pulses. Even if pulsars are natural, they are likely to be
used  as  standards  by  ETIs  in  the  galaxy  (section  5).  I  discuss  possible
objections and potential benefits for humanity, whether the research program
succeeds or not (section 6).
Keywords:  SETI,  XNAV,  space  navigation,  pulsars,  global  navigation
satellite system, directed panspermia. 
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1 Introduction
Navigation is  a  universal  problem whenever  one needs to  go from
point A to point B. Around Earth’s orbit, Global Navigation Satellite Systems
(GNSSs)  such  as  the  American  Global  Positioning  System (GPS)  or  the
Russian  GLObal  NAvigation  Satellite  System  (GLONASS)  have
revolutionized the way planes, boats, cars and pedestrians navigate. GPS did
not appear overnight, but was the culminating outcome of ground-based radio
navigation  in  the  1920s,  gradually  complemented  by  satellites.  These
satellites  broadcast  timing  information  that  allow  users  to  determine
accurately not only their instantaneous position, but also their instantaneous
velocity.  GPS requires  at  least  24  satellites  equipped with  precise  atomic
clocks  and  algorithms  calculating  the  position  of  satellites,  which  must
correct  for  relativistic  effects  predicted  by  Einstein’s  theory.  GNSSs
constitute a great achievement of modern science and engineering, and will
continue to prove revolutionary for all kinds of location-based services in our
Internet  era.  However  useful  on  Earth,  GNSSs  are  of  little  use for  space
missions in the solar system and in deep space. We could only dream of the
equivalent  of  a  GNSS on  a  galactic  scale.  Remarkably,  though,  it  seems
already to exist. 
Back  in  1972,  Carl  Sagan,  with  Linda  Sagan  and  Frank  Drake,
famously composed “A message from Earth”, to be placed on Pioneer 10 as a
way of communicating our position in the galaxy to any extraterrestrials who
happened upon the probe. The spacetime coordinates of Earth are encoded in
the  message,  thanks  to  a  reference  to  14  pulsars  and  the  galactic  center
(Sagan, Sagan, and Drake 1972, see figure 1).
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Figure 1: The Pioneer 10 plaque. On the left, the position of the Sun is shown relative to 14
pulsars and the center of the galaxy
However, the potential of  radio pulsars for galactic positioning and
navigation was fully explored only two years later by Downs (1974). At that
time, Downs showed that spacecraft position could be determined with an
error on the order of 1500 km in the solar system, and he pointed out ways to
narrow down the error. 
Achieving  an  accuracy  of  even  a  thousand  kilometers  may  seem
largely sufficient on a galactic scale, but it is not enough for solar-system
missions. For example, in order to land a spacecraft on a particular crater of a
planet, higher accuracy is needed. The technique of pulsar-based navigation
took a leap forward with the suggestion of Chester and Butman (1981) to use
X-ray pulsars instead of radio pulsars. With their methodology, they showed
that an accuracy of 150 km could be achieved. One important advantage of
X-rays over radio waves is their short wavelength, which means they can be
detected with small detectors that are easy to engineer into a spacecraft. 
One year after, the first millisecond pulsar (MSP) was discovered in
the radio band  (Backer et  al.  1982) and in 1993, X-ray emissions from a
millisecond  pulsar  were  discovered  (Becker  and  Trümper  1993).  These
discoveries changed pulsar navigation, as MSPs have stabilities comparable
to atomic clocks used in GNSS satellites. 
For both GNSSs and pulsars, the accuracy is limited by the stability of
the clocks employed. Typically, GNSSs have clocks with an accuracy of 3
nanoseconds  (ns),  while  the  interstellar  medium  leaves  measurement
uncertainties of the order of 100 ns for millisecond pulsars  (Verbiest et al.
2009). Multiplied by the speed of light, this translates into errors of 90 cm
and 30 m respectively. This means that navigation with X-ray millisecond
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pulsars has the potential to be accurate down to 30 meters on a galactic scale.
Engineering and observational constraints make it hard to achieve such small
error margins, but recent methods suggest that a range error of about 100 m
may be achieved (e.g. Sheikh, Golshan, and Pines 2007; Hanson et al. 2008).
Today, X-ray Pulsar Navigation (XNAV) is an active field of research
and engineering (see e.g. Sheikh 2005; Sheikh et al. 2006; Becker, Bernhardt,
and Jessner 2013). There is a growing international space-navigation interest
in  XNAV.  For  example,  on  November  9th 2016,  the  China  Academy  of
Launch Vehicle  Technology successfully  launched the  world’s  first  mini-
satellite  to  test  autonomous  spacecraft  navigation  in  space  (see  e.g.
Spaceflight101 2017). The European Space agency is also interested in the
concept  (e.g.  Sala  et  al.  2004),  as  well  as  the  American  NASA  Station
Explorer for X-ray Timing and Navigation Technology (SEXTANT) mission,
which also plans to demonstrate real-time on-board X-ray Pulsar Navigation
(Winternitz et al. 2016). 
To sum up, pulsars can be used as timekeeping devices comparable to
the atomic clocks of the 1990s,  and can be used as a galactic positioning
system comparable in functionality and accuracy to today’s GNSSs.
Did  the  suitable  set  of  pulsars  for  galactic  navigation  appear  by
chance? Or could it have been set up in part or in totality by extraterrestrial
intelligence (ETI)?
Even  if  no  ETI  engineering  is  involved,  what  are  the  SETI
implications of the existing timing and navigation capabilities of pulsars?  
In this paper, we study the possibility that extraterrestrials indeed set
up, or instead are simply making use of a Pulsar Positioning System (PPS). If
successful, proving that a PPS was engineered would constitute a proof of
extraterrestrial  intelligence.  If  unsuccessful,  even a  natural  galactic  timing
and  navigation  solution  has  profound  consequences,  as  it  may  provide  a
common  communication  standard  and  ground  for  all  civilizations  in  the
galaxy. The study of XNAV and the testing of SETI-XNAV also promises to
advance  our  knowledge  of  positioning  and  navigation  systems  for  solar
system and deep space missions, and may also impact the design of future
GNSSs for planet Earth. 
2 Pulsar navigation
Before  introducing  the  basics  of  pulsar  navigation,  I  present  here  the
distinction between normal and millisecond pulsars, and then report some of
the rich behavior of pulsars. 
2.1 Normal and millisecond pulsars
An essential observation about pulsars is that there are two distinct
populations:  normal  pulsars,  and  millisecond  pulsars  (MSPs).  “Normal”
pulsars have a pulse period P ~ 0.5 s, while MSPs have a period P between
1.4 ms and 30 ms. The two populations are usually illustrated with a  P – Ṗ
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diagram (see Fig. 2), where   Ṗ denotes the period derivative, i.e. the rate of
change in the pulsation period. The smaller  Ṗ is, the more stable the period is.
Let us highlight a few of the key differences between normal pulsars
and MSPs (summarized in Table 1). Regarding their origin, normal pulsars
are the remains of the collapse of stars more massive than 10 solar masses,
while the origin of MSPs is tied with binary stars. Their history can be more
complex, but the standard model  (Bhattacharya and van den Heuvel 1991)
says  that,  in  a  binary  star  system,  a  neutron  star  is  formed  during  the
supernova  explosion  of  the  massive  star.  If  the  other  companion  star  is
massive  enough,  it  will  evolve  into  a  giant  and overflow its  Roche lobe,
towards  the neutron star.  The neutron star  can then gain a  spin boost  by
accreting  matter  from  the  companion  star.  Such  pulsars  are  often  called
“recycled”  or  “rejuvenated”  pulsars,  because  they  gain  a  new  vitality  by
accreting  their  companion  star.  MSPs  are  thus  mostly  found  in  binary
systems. An entry point to the literature about  pulsar and MSP formation
scenarios can be found in (Lorimer 2008).
MSPs represent about 10% of the total known pulsar population. They
are distributed isotropically in the galaxy, by contrast with normal pulsars
that are more concentrated in the galactic disk. This may be an important
property for  navigation purposes,  if  the observation is  not  entirely due to
selection effects  (Lorimer and Kramer 2005, 26). MSPs are ~100 000 times
more stable than normal pulsars. The magnetic field of MSPs stays at ~108 G,
which is orders of magnitude less than normal pulsars. MSPs have a lower
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Figure 2 - P – Ṗ diagram showing two populations of pulsars: 
normal pulsars in the upper-right, and millisecond pulsars in the 
lower-left. Binary pulsars are shown as circles, normal pulsars as
points, and young pulsars associated with supernova remnants as 
stars. Adapted from (Lyne and Graham-Smith 2012, 152)
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velocity than normal pulsars. Regarding the pulse shape, MSPs display on
average one more component than normal pulsars. A component is defined as
a Gaussian curve appearing in the average pulse profile. Some MSPs have
complex profiles displaying 9 or even 12 components – respectively J1012-
5307 and J0437-4715 (Kramer et al. 1998, 277).
Property MillisecondPulsars
Normal 
Pulsars References and notes
Percentage of
the observed 
population
10% 90%
See e.g. (Becker, Bernhardt, and Jessner 2013). 
Selection effects may play a role (see Lyne et al. 1998 
for details).
Binarity 80% 1% 80% of MSPs have a companion star, while only 1% of normal pulsars do (Lorimer and Kramer 2005, 27).
Galactic 
distribution Isotropic
Towards
the galactic
plane
The distribution of normal pulsars is towards the 
galactic plane, while MSPs’ is more isotropic (Lyne 
and Graham-Smith 2012, 105).
Period ~0.003s ~0.5s See e.g. (Lorimer and Kramer 2005, 26)
Period 
derivative 
(stability)
~10-20s.s-1 ~10-15s.s-1
MSPs are comparable in stability to atomic clocks of 
the 1990s (see e.g. Lorimer and Kramer 2005, 26).
Magnetic 
field 10
8-109 1012  (Lyne and Graham-Smith 2012, 168).
Velocity Low High MSPs have a velocity 100km.s
-1 lower than normal 
pulsars (Lyne et al. 1998; Hobbs et al. 2005).
Number of 
pulse 
components
4.2 ± 0.4 3.0 ± 0.1 These are average values (Kramer et al. 1998, 277).
Timing noise Rare Common (Lyne and Graham-Smith 2012, 89)
Glitches Exceptional Rare
(Espinoza et al. 2011). Exceptions of MSP glitches are
PSR B1821−24 (Cognard and Backer 2004) and 
J0613−0200 (McKee et al. 2016).
Table 1: Comparison of some properties of normal and millisecond pulsars. More
distinguishing features can be found in the literature (e.g. Kramer et al. 1998).
When observing pulsars for longer  than days,  two kinds  of  timing
irregularities  appear.  First,  the  timing  noise,  which  is  a  general  erratic
behavior; and glitches, which are abrupt changes in the rotation speed. Both
these timing irregularities are reduced in the case of MSPs.  
To sum up, MSPs have unique timing features: notably short periods,
high stability, and few timing irregularities. Their low velocity and isotropic
distribution  in  the  galaxy  makes  them  especially  suitable  as  navigation
beacons.  The population  of  MSPs  thus  possesses  features  that  distinguish
them normal pulsars, and many of these features are useful for the task of
navigation.
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2.2 Pulsar behavior
A visitor to a pulsar observing session will see on the oscillograph something
quite unlike anything in the rest of astrophysics: a never-ending dancing
pattern of pulses: sometimes bright, sometimes faint, sometimes in regular
patterns, sometimes disordered, sometimes switching off entirely only to
resurge with greater vigour. Variations can be found on every time scale
down to tiny fractions of seconds.
Astrophysics is a field used to dealing with objects which evolve over
millions, over thousands of millions of years, perhaps occasionally
punctuated by dramatic cataclysmic events, but generally affording no more
than an unvarying image through the telescope. How are we then to deal
with a phenomenon which is so alien to the common astrophysical
experience?
As  Rankin  and  Wright  (2003,  43–44) explain,  pulsars  stand  out  in  the
landscape of astrophysical objects. 
The  initial  lighthouse  model  (Pacini  1967;  Gold  1968),  however
useful, is inadequate to account for the rich behavior of pulsars, gradually
uncovered by decades of modern astronomy and astrophysics. Instead, pulsar
literature  contains  a  variety  of  models  that  deal  with  the  variety  of
phenomena exhibited by pulsars, explained sometimes only partially.
We can distinguish four scales of pulses  (Lyne and Graham-Smith
2012, 230). The average pulse profile is an average of hundreds of pulses. It
is remarkably stable over time, although every single pulse is different (see
Figure 3). This stability is of key importance in pulsar timing measurements
(Lorimer 2008).  Sub-pulses appear inside pulses and last about 1 μs, while
one speaks of microstructure when describing what appears inside subpulses
(about 1 ns).
Figure 3 - Individual pulses of pulsar PSR B1133+16 vary in shapes and strength (left),
whereas the average profile is stable (right). Adapted from (Kramer 2004).
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Some  pulsars  also  display  nulling and  mode  changing (see  e.g.
Manchester  2009).  Pulsar  nulling appears  mostly  in  long  period  pulsars,
where  the  emission  abruptly  turns  off  for  a  duration  varying from a  few
pulses to weeks, and then suddenly turns back on.  Mode changing appears
when the average pulse profile abruptly changes to a different shape and then
reverts to its original shape. Nulling and mode changing are arguably related,
since they both occur in older pulsars and on similar timescales  (Lyne and
Graham-Smith 2012, 218). Still, they are not easy to model and explain. For
example,  the  nulls  in  PSR  B1133+16  are  not  simultaneous  across  all
frequencies, suggesting that it is not simply the pulsar emission turning off
(Bhat et al. 2007). Exceptionally, pulsar nulling also appeared in a MSP (see
PSR J1744-3922 in Faulkner et al. 2004).
Another  phenomenon  is  a  sudden  increase  in  rotation  speed  of  a
pulsar,  or  glitch.  Generally,  MSPs  don’t  glitch.  However,  a  MSP  (PSR
B1821−24) did  by  a  rotational  frequency of  3  nHz  (Cognard  and Backer
2004), and another (J0613−0200) glitched by 0.82 nHz (McKee et al. 2016)! 
Also remarkable is the case of accreting millisecond pulsars that spin
down, although we mentioned that the standard model says accretion should
spin up and not spin down neutron stars. A limit case is MSP SAX J1808.4–
3658 displaying spin up and spin down phases (Di Salvo et al. 2008). More
details on the rich phenomenology of accreting millisecond pulsars can be
found in the work of Lamb and colleagues (Lamb et al. 2009).
The  pulse  profile  of  MSPs  can  also  change  depending  on  the
frequency, a phenomenon not observed with normal pulsars. For example,
PSR J2215+5135 “shows a double pulse profile at 350 MHz, but by 2 GHz is
predominantly single peaked, which peak is neither of the peaks seen at 350
MHz” (Roberts 2012).
To  sum  up  this  cursory  overview  of  pulsar  behavior,  one  might
observe that unified models do not exist, and may not even be possible. 
2.3 Navigation with pulsars
The unique properties of pulsars make clear already today that such a
navigation system will have its application in future astronautics. 
(Becker, Bernhardt, and Jessner 2013)
As Becker, Bernhardt and Jessner note, pulsars are uniquely suited to
constitute a galactic navigation system. Let us first  see why by surveying
some alternatives.
For space navigation,  classical methods use Earth-based stations to
guide spacecraft, but give rise to increasing uncertainties as spacecraft travel
further from the Earth. The uncertainty is ±200 km at the orbit of Pluto and
±500 km at the distance of Voyager 1 (Becker, Bernhardt, and Jessner 2013,
1). Other limitations include communication delays, and the weakening of
signals at large distances. 
Why not use basic geometry? At first, space navigation may not seem
so difficult, provided several stars can be observed and their relative angle
8
Pulsar Positioning System
calculated.  However,  because  the  angular  resolution  of  sensors  is  not
sensitive  enough,  this  method  leads  to  uncertainties  of  several  thousand
kilometers (Becker, Bernhardt, and Jessner 2013, 2). 
Why  should  variable  sources  be  used,  and  not  static  ones?  The
measurement process and position calculation takes time, and each time one
wants to check the position, new measurements and new calculations need to
be done. With static sources, position and velocity are not computable in real-
time or in a precise manner. Already back in 1972, Sagan et al (1972, 883c)
also rejected star map position indicators, because of “stellar proper motions
and  serious  data-handling  problems  in  decoding”.  By  contrast,  a  variable
source such as a pulsar “provides a periodic signal that assists in the prompt
identification of each specific source, since most of these signatures are of
unique period and strength” (Sheikh 2005, 58). 
Why not use variable visible sources? The issue here is that there are
too many of them, and such plurality makes their identification more difficult
(Sheikh 2005, 66). However, Sheikh also argues that in the visible or gamma-
ray band, there are too few pulsars for the task of navigation.
Why not use radio pulsars? After all, pulsars were discovered in the
radio band and that is the wavelength in which they are most studied. The
practical  issue  with  regard  to  this  solution  is  that  radio  waves  have  long
wavelengths so that radio antennas with 20 m dishes in diameter (or larger)
must  be used in  order  to  discriminate  the  signal  (Emadzadeh and Speyer
2011,  10).  Of  course,  the  inclusion  of  such  large  antennas  would  greatly
affect the cost and feasibility of spacecraft designs and space missions. 
Why millisecond X-ray pulsars (MSXPs)? Not all pulsars are suitable
for  navigation,  and MSXPs are  presently  the  best  choice.  To sum up,  to
determine time, position and velocity, it makes most sense to make use of
sources with the following characteristics  (Sheikh 2005, 34): 
1. They should be intense, so small detectors can detect them.
2.  They should have stable,  periodic signatures,  so the behavior  is
highly predictable with simple models, placing a low computational
load on the spacecraft.
3. They should exhibit narrow and sharp pulse profiles, so arriving
pulses are quick and easy to identify.
4.  They should have a  unique signature,  such as a pulsar’s unique
average pulse  profile  (APP).  Like  a  fingerprint,  this  uniqueness  of
APPs avoids confusion with other sources.
5.  These  sources  need  to  be  highly  stable,  to  determine  position,
velocity and attitude with high accuracy.
6. The sources need to comfortably penetrate the interstellar medium,
so that the signal is robust to common galactic interference. X-rays
can typically go through the interstellar medium. 
MSXPs meet all these desiderata. However, almost all MSXPs are in
binary systems (Lyne and Graham-Smith 2012, 151) and one may think that
the binary motion would complicate the pulsar timing. Fortunately, this can
easily be corrected (Blandford and Teukolsky 1976). 
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The  properties  of  X-ray  pulsars  makes  them  ideal  as  navigation
beacons, where an individual pulsar plays a similar role as a GPS satellite.
Both GNSSs and XNAV use a navigation method based on Time of Arrival
(ToA). This method consists in comparing the pulses’ ToA measured, with a
predicted ToA at a reference location. By observing three pulsars or more, a
position can be determined (see Figure 4).  
In  navigation  science,  there  is  a  distinction  between  absolute
positioning, answering the question “Where am I?”, and relative positioning,
answering the question “Where am I now in relation to where I was before, or
in  relation  to  another  external  navigation  aid?”.  Both  GNSSs  and XNAV
address and solve the absolute positioning issue. For XNAV, this requires the
navigation system to compare measured and predicted pulse times of arrival.
With a pulsar almanac and a timing model, the spacecraft can identify the
different pulsar sources, from which its exact location can be determined (for
details  about  the methodology and algorithms, see Sheikh 2005, chap.  6).
This means that the GNSS or spacecraft user doesn’t need to keep track of its
position  relative  to  its  point  of  departure  to  compute  its  position.  The
spacecraft  doesn’t  need external  assistance,  and we therefore  speak about
autonomous navigation. 
Generally, the longer the pulsars are observed, the more accurate the
positioning can be determined. For example, an accuracy of hundreds of kms
10
Figure 4: A three dimensional position fix can be obtained by observing at least three pulsars. 
Given three well chosen pulsars, there is only one unique set of pulses that solves the location 
of the spacecraft (SC). Figure adapted from (Sheikh 2005, 200). 
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is achieved with a short integration time; but can be reduced to about 100 m
with more than one week of integration time (Buist et al. 2011, 158a). 
If we compare GNSS and pulsar navigation, they are similar in many
respects  (see  Table  2).  They  are  both  highly  accurate  navigation  systems
based  on  ToA  of  signals.  Both  pulsars  and  GNSS  satellites  broadcast  a
regular signal for unambiguous identification (respectively the average pulse
profile  and the coarse/acquisition code).  They are both passive navigation
solutions, because no transmission between the user and the satellite/pulsar
segment is needed (see Figure 7). However, GNSS satellites broadcast their
time and position, while pulsar distances must be evaluated with astronomical
observations. 
To sum up, a pulsar positioning system (PPS) allows one to determine
instantaneous  position,  instantaneous  velocity  (by  taking  into  account  the
Doppler  compression  or  expansion  of  pulsar  signals)  and  attitude (i.e.
determination of the spacecraft orientation). It allows one to easily correct
relativistic effects, to solve the “lost in space” or “cold-start” situation, i.e. the
determination of position and velocity without requiring external assistance
(Sheikh 2005, 51). Compared to Earth-based navigation solutions for space
missions, the advantages of a pulsar positioning system are the following (J.
Liu et al. 2010): 
1. it is entirely passive;
2. its navigational accuracy does not decline with time, as constant
correction is available from different X-ray sources; 
3. it is robust to interference;
4. it seems fit for the whole outer space.
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The last point (4) is not certain, but appears to be a reasonable assumption.
How can we know if XNAV works everywhere in the galaxy? We only have
access to the pulsar positioning system in a tiny part of the galaxy. As long as
we are unable to travel to the four arms of the galaxy and test if XNAV is
operational, it  seems that we cannot know. However, modern astrophysics
has methods to estimate the position and distribution of pulsars, and thus a
first approximation of the XNAV coverage. 
To suppose that XNAV would work only in our small solar-system
region would be a blatant violation of the Copernican principle. Following
this principle, we must assume that Earth has no special position, and that
XNAV  is  available  in  most  parts  of  the  galaxy.  Said  otherwise,
anthropocentric  hypotheses  are  needed  to  make  consistent  the  idea  that
XNAV would work only near our solar system.  
Today,  PPS  applications  are  mostly  foreseen  for  autonomous
navigation  in  the  solar  system.  Looking  towards  the  deep  future,  the
applications of a PPS for the galaxy will be as rich and profound as GPS was
for planet Earth.
12
Property GNSS XNAV Notes
Accuracy ~ 3 ns (1 m) ~ 100 ns (30 m)
The accuracy of pulsars may 
be improved with longer 
integration times or better 
observational techniques
Navigation 
method Time-of-Arrival-based Time-of-Arrival-based
The two navigation methods 
are similar and use similar 
algorithms to determine 
position, velocity and attitude
Regular signal 
for beacon 
identification
Coarse/Acquisition 
(C/A)-code Stable pulse profile
The C/A-code is constantly 
repeated in the transmitted 
GPS signal. See eg. (Buist et 
al. 2011, 156a). This property 
is similar to the average pulse 
profile of pulsars, which is 
stable.
Passive 
navigation Yes Yes
No transmission between the 
user and satellite/pulsar 
segment is needed
Absolute 
navigation Yes Yes
No tracking with the point of 
departure is needed
Time and 
position 
transmission
Yes No
While GNSS satellites 
broadcast their time and 
position, pulsar time needs to 
be parameterized and 
distances must be evaluated 
with astronomical 
observations
Table 2 - Satellite and pulsar navigation are similar in many respects. 
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3 Dismissing the dismiss
A major difficulty with the pulsar discovery 
was its suspiciously artificial nature. 
All the facts pointed to a celestial origin, 
but celestial and artificial imply...aliens.
(McNamara 2008, 46)
The  discovery  of  pulsars  surprised  astronomers.  The  unusual  high
frequency of the pulsations as well as their regularity immediately led to the
hypothesis that it could be ETI. However, the ETI hypothesis was quickly
dismissed  because  astrophysicists  developed  instead  a  natural  “lighthouse
model”,  in which rotating neutron stars are at  the origin of the pulsations
(Pacini 1967; Gold 1968).
Traditionally, the story of the discovery of pulsars is told as a case
where a signal is wrongly assumed to be an artificial one. Artificial signals
have been attributed to pulsars at least two times. When Jocelyn Bell reported
the strange signal to Antony Hewish in 1967, they thought the signal was
man-made  (Wade 1975, 360c; Hewish 2008). After the human interference
hypothesis  was  dismissed,  the  alien  intelligence  interpretation  was  taken
seriously in the earlier stages of the discovery, and pulsars were nicknamed
“LGM” stars, for “Little Green Men” (Penny 2013, 4).
The  second  time  was  in  1989,  when  a  team  of  astronomers  first
discovered rapid pulses coming from the pulsar remnant of supernova 1987A
(Kristian et al. 1989). Another set of rapid pulses was later discovered. The
astronomers assumed that it was again the pulsar...whereas it turned out to be
due to human interference (Anderson 1990)!
To sum up, based on a  superficial  analysis  of the signal,  it  is  not
obvious to tell  if  we are dealing with “Little Green Men” or little human
interferences. Even today, specialists reflect on how to distinguish a pulsar
from an artificial beacon (J. Benford 2010).  
Historically,  the pulsar extraterrestrial  hypothesis  was dismissed on
five grounds:
(1) the energy expanded was too vast to be ETI,
(e.g. Jastrow and Thompson 1977)
(2) other sources of pulsation were quickly found (Burnell 1977),
(3) the source didn’t come from a planet and thus could not come 
from an intelligent civilization (Hewish 2008),
(4) the source was not narrow-band (Hewish 2008),
(5) there exists a natural model explaining pulsars
(Pacini 1967; Gold 1968).
Let us critically discuss each of these reasons.
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3.1 Too much energy
Regarding (1), the amount of energy radiated by a pulsar is indeed
impressive… by Earth standards. But there is no sense to be geocentric when
making assumptions about ETI energy use. If the total energy of the Galaxy
is ~ 4 x 1044 erg.s-1 (Kardashev 1964), and if a typical pulsar such as the Vela
pulsar radiates ~ 6 x 1032 erg.s-1, the known 2000 pulsars would use about
0.0000003 % of the total energy available in our galaxy. Setting up a network
of pulsar  beacons may be considered cheap and worthwhile for a galaxy-
spanning civilization.
The galaxy is about 160 000 light years wide (see e.g. Xu et al. 2015),
so at least for navigation, signals need to be visible from far away, and thus
require a lot of energy. Furthermore, we saw that higher X-rays energies are
useful  to  navigate  with  small  spacecraft  and  to  deal  with  the  interstellar
medium. 
What  cost-benefit  analysis  could  justify  such  an  expansive  and
expensive  engineering?  The  usefulness  of  a  common galactic  timing  and
navigation solution could be such a justification. The applications of our own
GNSSs on Earth go well beyond the initial military motivation to guide high-
speed missiles. Accordingly, even a GNSS remains expensive to design, to
launch and to maintain. So, a pulsar positioning system on a galactic scale
would indeed cost orders of magnitudes more effort. 
A subtler answer could be that ETI modulates the energy of existing
pulsars.  Instead  of  letting  a  pulsar  lose  its  energy,  ETI  would  use  and
modulate that energy for a more intelligent purpose. The ETI would not have
to produce this energy, just to channel or to modulate it (see also section 6.4).
Imagine that you describe a GNSS to an isolated hunter-gatherer of an
Amazonian tribe. Would he be willing to believe that humans managed to
send satellites in orbit just for navigation purposes? Wouldn’t it look like an
impossible feat, and even if it  was possible,  a waste of energy? From the
perspective of his navigation needs in the jungle, no space-based system is
required. This would seem like a futile project, and a waste of an enormous
amount of time and energy.
3.2 Not unique
The second reason (2) why the pulsar ETI hypothesis was dismissed
is that other sources of pulsation were quickly found. As Jocelyn Bell Burnell
(1977) argued: “It was very unlikely that two lots of little green men would
both  choose  the  same,  improbable  frequency,  and  the  same  time,  to  try
signaling to the same planet Earth”. 
There are two different arguments in this sentence. The first says that
two ETIs using the same frequency is unlikely. I fail to see any logic in this
argument. Imagine an alien coming to Earth, observing two mobile phones
emitting on similar  frequencies,  and concluding that  this  is  not  intelligent
communication. Far from being improbable, one may conjecture that any ET
life to have created such a system would have coordinated the frequencies
involved.
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Now, the second part of the sentence further assumes that little green
men  “try  signaling  to  the  same  planet  Earth”.  It  thus  assumes
anthropocentrically that pulsar signals are specifically directed to Earth. Here,
I completely agree that it is unlikely that ETIs in two different parts of the
galaxy would be eager to communicate with us at the same time. However,
this is no reason to dismiss the ETI hypothesis. SETI researchers distinguish
many  different  kinds  of  signals  beyond  specifically  intentional  signals
targeted to  planet Earth,  such as unintentional signals (leakage,  spacecraft
communication), general scans or omnidirectional beacons (Tarter 1992). 
A general counterargument is that we are unlikely to find just  one
instance  of  ETI.  Statistically,  astrobiologists  generally  assume  that  if  we
discover one instance of ET life, we would quickly discover others, or at least
have strong grounds to assume that the universe is teeming with life  (e.g.
Webb 2015, 289).    
3.3 Not a planet
The third argument (3) against the ETI interpretation comes from the
discovery that the source didn’t originate on a planet, and therefore could not
have derived from an intelligent civilization. This seemed to be a decisive
refutation of the ETI interpretation for Hewish (2008). Indeed, before making
the discovery of pulsars public, Hewish waited to have more data, to measure
a Doppler shift, and therefore deduce if the source was from a planet or not.
Before that, he “felt compelled to maintain a curtain of silence” (Penny 2013,
4). The measurement result showed that the source was not a planet, and this
was a major reason to reject the ETI interpretation. 
The assumption that life must start and stay on a planet makes sense
for  low-energy astrobiology,  i.e.  when we look for  traces  of  microbes  or
biospheres.  However,  the  assumption  doesn’t  hold  if  we  engage  in  high-
energy astrobiology, or the search for advanced extraterrestrial  life forms.
Such a search requires us to expand the search targets, and the constraint that
ETI can only be found on an Earth-like planet can be relaxed (see e.g. Dyson
1960; Sagan 1973, chap. 6; Corbet 1997; Davies 2010; Bradbury, Ćirković,
and Dvorsky 2011; Vidal 2014, chap. 9). 
3.4 Not narrow-band
The fourth argument has to do with the bandwidth. SETI researchers
expect to find narrow-band signals  (see e.g. Siemion et al. 2010). So when
Hewish discovered that the source was narrow-band, he indeed thought the
source could be intelligent  (Penny 2013, 4). However, the phenomenon of
dispersion makes a pulse seen at longer wavelengths arrive behind the same
pulse  emitted  at  shorter  wavelengths.  So,  in  fact,  the  narrow-band  signal
observed was an observational effect (Penny 2013, 6). Pulsars generally emit
through a broad band of frequencies, from ~ 100 MHz to ~ 100 GHz  (e.g.
Lorimer  and  Kramer  2005,  82).  As  Jastrow  and  Thompson  (1977,  198)
comment, it “would be wasteful, purposeless, and unintelligent to diffuse the
power of the transmitter over a broad band of frequencies. The only feasible
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way to transmit would be to concentrate all available power at one frequency,
as we do on earth when we broadcast radio and television programs.”
 We  can  challenge  this  line  of  thinking,  first  by  recognizing  that
searching for narrow-band signals is indeed historically important, as it was
recommended since the Cyclops report in the 1970s (Oliver and Billingham
1971). However, if this decision to choose narrow-band signaling made sense
when  we  had  mostly  radio  and  television,  the  growth  in  information
exchanges changes the situation (see e.g. Shostak 1995). Today, the growth
of  wireless  multi-user  communication  systems  has  given  rise  to  spread-
spectrum  communication  techniques.  Spread-spectrum  communication
systems are robust against  the threats of jamming, interception,  and cause
minor  interference  to  other  systems.  They  are  useful  for  “suppressing
interference, making secure communications difficult to detect and process,
accommodating  fading  and  multipath  channels,  and  providing  a  multiple-
access capability”  (Torrieri  2011, vii).  As Messerschmitt  (2012) argues in
detail, this evolution in communication engineering must be reflected in our
SETI search strategies, and broadband communication is definitely a serious
option.
In a mixed scenario where a pulsar’s energy is modulated by ETI, the
broadband nature could also be the remains of the pulsar’s natural emission,
while the intentional communication would be encoded in some part of the
spectrum. 
3.5 Natural model
The best argument that pulsars are natural is that there is a natural
model  (Pacini 1967; Gold 1968). The establishment of this model came in
several steps. Chadwick had discovered the neutron in 1932, and in parallel,
Landau  was  theorizing  that  a  star  collapsing  would  achieve  enormous
density,  and  even  predicted  an  upper-mass  limit  for  white  dwarfs,
independently  and  earlier  than  Chandrasekhar  (McNamara  2008,  22).
However, as McNamara (2008, 2) recalls, at that time “it was thought neutron
stars would be completely invisible and hence no one bothered to look for
them”.
Especially remarkable is  Pacini’s  prediction of  pulsars,  six months
before they were announced by Hewish and Bell. In his 1967 paper, Pacini
expected an excited neutron star to form as the remains of a supernova. He
proposed  to  look  for  ways  to  observe  neutron  star  energy  loss  through
magnetic or rotational  energy, although he was rather  skeptical about  this
observational possibility. 
If  Pacini’s  and Gold’s  lighthouse  model  is  a  natural,  astrophysical
way to explain pulsar behavior, why should we even bother to consider the
ETI hypothesis?
There are three answers to this question. First, we don’t necessarily
need to challenge classical pulsar formation scenarios to seriously consider
SETI-XNAV. We can speculate at different levels (see Table 3), and levels 1-
3 could easily accommodate that there is a purely physical and natural origin
of pulsars. 
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Level Comment
0 – Natural All  pulsars  are  natural.  We’re  just  lucky  they  provide  stable
clocks and an accurate navigation system
1 – Pulsars as standards All pulsars are natural, but ETIs use them for timing, positioning
and navigation purposes. Communication is galacto-tagged, and
time-stamped with a pulsar standard
2 – Natural and alterable Some ETIs have the technology and capability to jam, spoof or
interfere with a natural pulsar positioning system
3 – Artificial MSXP 
for navigation
Only a few millisecond X-ray pulsars have been modified by ETI
for galactic navigation and timing purposes
4 – Artificial MSXP 
for navigation and 
communication
Only a few MSXPs have been modified by ETI, for navigation,
timing and communication purposes
5 – Artificial pulsars All pulsars are artificial. ETI build them, even the new ones, by
intentionally triggering supernovas
6 – Artificial pulsars 
for us
All pulsars are artificial. ETI build them, and they are currently
sending us Earth-specific messages
Table  3 - Seven levels of artificiality of pulsars, from the least to the most speculative. Level
0 represents the current scientific belief. Level 1 doesn’t require many hypotheses, but still
has far-reaching consequences that  we will  outline in section  5. Level 2 is  interesting to
consider, even for solar-system navigation. If in the near future we start to rely heavily on
XNAV, we need to know its degree of stability and robustness. Even if the broadband nature
of pulsars makes them hard to jam (Buist et al. 2011, 153b), it is prudent not to underestimate
the potential of ETI civilizations potentially billions of years our senior. Level 3 and 4 reflect
my own subjective suspicion, but of course remains to be assessed and tested. Level 5 seems
more like a science-fiction plot, and level 6 is anthropocentric, although the idea of radio
pulsars sending Earth-specific messages has been defended (LaViolette 2006).  
Second,  Pacini’s  and  Gold’s  models  were  the  very  first  modeling
attempts. Pulsar astronomy has immensely progressed since then, and pulsars
display  a  phenomenology that  requires  much more  advanced models  (see
section 2.2). There is no single unified pulsar model that can explain all the
variety of observations. 
Third, nobody predicted that our galaxy would host some pulsars with
pulsations rivaling atomic clocks in stability, or that their distribution would
make them useful for an out-of-the-spiral galactic navigation system. 
Beside these points, any astrobiologist wants to avoid the aliens of the
gap fallacy. As with the God of the gaps fallacy, the temptation is to attribute
some unexplained phenomenon to aliens (Vidal 2014, sec. 9.1; Wright et al.
2014, sec. 2.3). Of course, this is unwarranted and unscientific. But as Wright
et al. remark: “the other extreme – assuming that all observations must be the
result of purely natural phenomena [and] are not due to advanced technology
– is itself  patently logically invalid because it  assumes that ETIs have no
detectable effect on the Universe”.
At most, ease of modeling is a negative heuristic (Rubtsov 1991, 307;
Vidal  2014,  217),  in  the  sense  that  something  simple  to  model  can  be
disqualified  as  an  ETI  candidate.  If  there  was  just  one  model  of  pulsars
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explaining their origin and rich phenomenology, we could just dismiss the
suggestion  that  ETI  has  anything  to  do  with  it.  However,  as  Rankin  and
Wright (2003) summarize: 
three decades of experience and history have shown that general pulsar theories— 
physical theories of pulsars attempting to deduce the behaviour of real pulsars from 
first principles—are incapable of yielding significant, specific, falsifiable 
expectations about the observed emission of an actual individual pulsar.
Pulsar  astrophysics  remains  a  well-researched  and well-established
discipline, and successful in many respects. However,  we don’t necessarily
need to contradict existing pulsar models to entertain the possibility that ETI
might be involved. 
Any kind of life must obey the laws of physics, otherwise it’s magic!
Let  us  illustrate  this  point  with  a  biological  example.  We can describe  a
human body by its basic physical properties. For example, a physicist can say
that a human body weights about 70 kg and contains about 7 x 1027 atoms.
There are two points about this description. 
First, it is correct, although it will stay a crude and limited description.
As  much as  a  biologist  doesn’t  need to  challenge  these  physical  facts  to
model  human  biology,  an  astrobiologist  doesn’t  need  to  challenge  pulsar
models  to  search  for  ETI traces  in  pulsars.  Second,  we can  describe  any
system in terms of physics, but this does not differentiate whether the system
is living or non-living. 
A way to frame the problem is to consider the specification hierarchy
of cosmic evolution and development (see Figure 5). Salthe comments that
“biology, for example,  cannot  transcend chemistry or physics;  it  can only
appropriate them, reinterpret them, rearrange them, harness them”. 
Figure 5 - A specification hierarchy showing stages in the development of the universe, with 
stages modeled as subclasses. From (Salthe 2002).
How can we tell if we are dealing with life or not? This is the tricky
issue of defining life operationally and agreeing on biosignatures. I proposed
an  analysis  of  this  delicate  problem  within  the  frameworks  of
thermodynamics  and  living  systems  theory  (Vidal  2014,  chap.  9;  2016a).
Considering  Figure 5,  the  challenge is  to  find behaviors  belonging to  the
technological world that are not displayed by other subclasses. Yet, whatever
the biosignature agreed upon,  the crux to gradually prove the existence of
extraterrestrial life is to make and validate new predictions.
The first step is thus to keep an open mind, and to give equal credence
to  the  hypothesis  that  some  astrophysical  phenomenon  may  be  purely
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physical  as  to  the  hypothesis  that  it  may  be  alive  or  technological.  The
astrophysical or living model which explains and predicts the most should
then be gradually favored. 
Could it be that Jocelyn Bell’s first intuition that she had discovered
little green men was correct? Whatever will turn out to be true, intuitions and
first  impressions  are  no  scientific  method.  Science  is  as  much a work of
observation and discovery, as it is of theorizing and (re)interpretation (Dick
2013).
4 The SETI-XNAV quest
You’ve never encountered the questions,
let alone considering the answers
(Smith 1957, 54)
Ten years before the discovery of pulsars, in his science fiction novel
Troubled  Star,  George  O.  Smith  pictures  an  extraterrestrial  civilization
wanting  to  make  the  Sun  a  variable  star  for  the  purpose  of  galactic
navigation. The alien representative struggles to explain this need to humans.
We  are  in  a  similar  situation  with  galactic  navigation.  Very  few  of  us
consider the questions, even less are considering the answers. Yet we must
enter these waters to try gradually to make new predictions, and start a quest
for evidence of galactic engineering.
A  well-known  fact  about  pulsars  is  that  they  are  useful,  for
fundamental physics, astrophysics, gravitational wave detection, timekeeping
and galactic navigation  (for details and references, see Vidal 2017, sec. 4).
Even if pulsar usefulness may be intriguing, this provides no evidence of ETI
activity.
Consider Earth’s magnetosphere: it is clearly natural, and allows for
navigation on Earth with the use of compasses. In the same way, if pulsars
are useful for navigation, it doesn’t necessarily mean that they are the product
of extraterrestrial engineering. Indeed, there are many ways to navigate using
natural  resources.  Birds  or  humans  helped  with  stars  or  compasses  can
navigate planet Earth.
However,  a  compass  provides  only  direction  and  will  be  biased
towards the poles. It does not provide time, position, real-time velocity, and
absolute  positioning,  which only  GNSSs or  a  PPS can deliver  accurately.
Navigation with normal stars is also much less accurate than ToA navigation
methods used in GNSSs and XNAV.
Additionally,  not  any  pulsar  will  do  when  it  comes  to  galactic
positioning. We saw that radio pulsar navigation was proposed back in 1974
but  is  insufficient.  High timing accuracy,  short  integration time,  light  and
small antennas, etc. are needed to make pulsar navigation effective, and this
is  why  pulsar  navigation  had to  wait  for  the  discovery  of  enough  X-ray
millisecond pulsars to become of practical interest. 
The  famous  dictum  “extraordinary  claims  require  extraordinary
evidence” (Sagan 1979, 73) is of no help here (see Schick 2002 for a detailed
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critique). To some, a navigation system comparable in accuracy to GPS, yet
operating  on  a  galactic  scale  may  look  extraordinary,  but  to  most
astrophysicists today, this looks normal and natural.
To illustrate the epistemic difficulty of the situation, imagine a smart
hunter-gatherer who would have deciphered the electromagnetic waves sent
by GPS satellites and found that they could be used as a navigation system.
How could he argue or prove to his fellow tribe members that this reflects an
intelligently set-up navigation system? The challenge is demanding, and we
might be in a similar situation with the PPS. 
A robust epistemological  methodology that  scientists  use is  one of
conjectures and refutations (Popper 1959; 1962). To research whether pulsar
navigation  may  have  anything  to  do  with  ETI,  we  need  to  make  the
conjecture that ETI is involved with a PPS, and try to derive lines of inquiry
leading to observable and testable predictions. 
Let us now start such a SETI-XNAV quest, and see how it may lead
to observable and refutable predictions that differ decisively from any purely
physical models. Note that in what follows I gather the physical, natural, non-
living  assumptions  under  the  “astrophysical”  label,  and  the  intelligent,
artificial or living assumptions under the “astrobiological” label. 
4.1 Galactic distribution
What  is  the  galactic  distribution  of  MSPs?  We would  expect  that
MSPs have a different distribution in the galaxy from normal pulsars, or from
a  random  distribution.  As  a  matter  of  fact,  we  already  saw  that  MSPs’
distribution is isotropic, while normal pulsars are more concentrated in the
galactic plane (Lorimer and Kramer 2005, 26; Lyne and Graham-Smith 2012,
105). What is the likeliness for this to happen with natural scenarios? Why
would there be more binary star systems outside the galactic disk giving rise
to MSPs? Or could it be just a selection effect  (Lorimer and Kramer 2005,
26)?
From the astrobiological hypothesis (levels 3-5), MSPs should have a
distribution that is suitable for galactic navigation, significantly more than a
random  distribution,  or  than  a  distribution  resulting  from  astrophysical
models. There should thus be few redundancies in the coverage, and it should
be better than what a random distribution may provide.
In  terms of  population,  astrophysical  models  predict  that  the  MSP
population should be roughly equal to the normal pulsar population (Lyne et
al.  1998).  It  should  be  different  in  the  astrobiological  view,  where  MSP
population should be about just enough for galactic navigation. 
Another feature to examine is the orientation of pulses. Do MSXPs
cover the whole galaxy? It would make most sense to beam preferentially in
the galactic plane, rather than in random directions. Indeed, ETIs are likely to
live where stars and planets are, i.e. in the galactic disk, rather than in cold
space.  The  astrobiological  view  thus  predicts  a  preferential  beaming
orientation towards the galactic plane. This needs to be compared with the
natural, astrophysical reasons why pulsars would beam in the galactic plane. 
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It is well known that about half of MSPs are found in globular clusters
(Lyne and Graham-Smith 2012, 105). The high-density population of stars in
globular clusters make stellar encounters likely, and therefore the formation
of  binary  systems  and  eventually  MSPs,  which  all  support  the  standard
astrophysical  formation  models.  The  astrobiological  interpretation  should
thus  look  for  different  properties  of  MSPs,  whether  they  are  in  globular
clusters or elsewhere. It turns out that MSPs in the galactic disk have two
subpulses that  are 180° apart,  while  it  is  not  the case in globular  clusters
(Chen, Ruderman, and Zhu 1998). 
Another  way  to  explore  whether  MSPs  in  globular  clusters  have
anything to do with ETI would be to look at their beaming direction. Is it
random?  Does  it  overlap  with  other  pulsar  beaming?  Is  the  beaming
advantageous for galactic navigation? 
Furthermore,  the  SETI-XNAV  hypothesis  may  help  to  find  new
binary millisecond pulsars. The first step would be to model the coverage of
MSPs, and search in places where the coverage is non-existent, not known.
The prediction is that one should find a MSP filling this coverage gap. 
What  are  the  energy requirements  for  an  effective  PPS? This  is  a
related issue that may lead to new lines of inquiry that we will now explore.  
4.2 Power distribution 
beacons are likely to be pulsed, 
both to lower the cost and 
to make the signal more noticeable
(J. Benford 2010)
From an  astrobiological  perspective,  we would  expect  low-density
regions of the galaxy to be populated by powerful MSPs, and regions where
many MSPs are already present to be populated by less powerful ones. The
reason is  that the signal doesn’t  need to be strong in higher MSP density
areas, such as globular clusters. MSPs would have different power ratings in
order to allow an efficient coverage. Studying MSPs that are further away
from the galactic plane, and checking if their beaming is indeed stronger is a
way to test this idea. Existing studies of cost-optimized interstellar beacons
may be useful  for  starting this  project  (J.  Benford,  Benford,  and Benford
2010; G. Benford, Benford, and Benford 2010). Figure 6 shows a map of the
distribution  of  MSPs.  Is  the  spatial  and  power  distribution  random  or
particularly fit for galactic navigation?
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Figure 6 - The distribution of MSPs in Galactic coordinates, excluding those in globular
clusters. Binary MSPs are shown by open circles. From (Lyne and Graham-Smith 2012, 116)
4.3 Population synthesis
On Earth, a GNSS such as GPS needs at least 24 satellites to provide
Earth with full navigation coverage. How many pulsars would be needed to
cover the galaxy? We would need to estimate the number Npred of MSPs that
are needed to navigate the whole galaxy. Npred can then be compared with the
actual number  Nobs of MSPs suitable for navigation. If the  Nobs of MSPs is
close to Npred, it tends to supports the ETI interpretation; and if not, it tends to
falsify it. 
The  astrobiological  prediction  may  also  contrast  with  current
astrophysical predictions of MSP population. MSP population is estimated to
be between ~ 30 000 and ~ 200 000 (see respectively Lyne et al. 1998; Lyne
and Graham-Smith 2012, 116).
There are a number of limitations and potential difficulties with this
test.  In  terms  of  engineering  and  robustness,  the  theoretical  number  Npred
would only provide a lower boundary. Indeed, even if there is just one PPS,
it’s  likely  that  there  will  be  more  pulsars  than  the  strict  minimum.  To
illustrate this point, GPS has 30 satellites in orbit, whereas it only needs 24. 
Another  possibility  is  that  there  are  different  PPSs,  like  we  have
different GNSSs on Earth’s orbit. This could lead to searching for different
PPSs signatures, for example,  looking at  subsets of pulsars having typical
common signatures, and that operate as a consistent PPS. In this case, we can
still expect the total number  Nobs  to be a  multiple of the minimal number of
pulsars to make a galactic navigation system. In the ideal case,  we might
deduce the number of PPSs, if there is a certain multiple of redundant MSPs
(e.g. here on Earth, we could hypothesize that there are about 3 navigation
systems in operation). 
The situation could even be subtler if there are PPSs currently being
set up, in the same way as the European Galileo GNSS is unfinished. In that
case, the predictions would be harder to check, unless we have a method to
distinguish between different PPSs, or to distinguish an operational versus a
nonoperational PPS.
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4.4 Evolutionary tracks
Evolutionary  models  that  attempt  to  account  for  the  diversity  of
accreting binary millisecond pulsars involve several non-trivial steps (see e.g.
Lamb et al. 2009). In particular, the standard scenario for MSP evolution can
not produce the X-ray MSP population  (Kízíltan and Thorsett 2009; 2010).
Another limitation of the standard scenario is the discovery of a MSP with an
unexpected  metal-rich  companion  (Kaplan  et  al.  2013).  Generally,  one
hallmark of complex objects is that they have a rich causal history (Bennett
1988; Delahaye and Vidal 2016).  Binary stellar  evolution is  clearly richer
than single star evolution, and this may be an invitation to consider scenarios
where ETI is involved.
I first became interested in pulsars in binary systems following the
lead of the stellivore hypothesis, according to which some binary star systems
in accretion might be considered as living (Vidal 2014, chap. 9; Vidal 2016a).
The hypothesis starts by noticing that some accreting binary star systems (not
only  pulsars)  display  non-equilibrium  thermodynamic  features,  such  as
energy  budgeting,  alternating  ingestion  and  extrusion  of  materials.  Such
features  can  be  interpreted  as  the  hallmark  of  a  metabolism,  a  common
denominator  of all  life.  Under  this  framework,  “living” pulsars or pulsars
under ETI influence are in binary systems, and isolated MSPs don’t fit easily
into  the  stellivore  interpretation.  Indeed,  without  an  energy  source  (the
companion star) to regulate the spin or magnetic field,  the pulsar stability
may be degraded with time. It is worth noting that the existence of single
MSPs  is  also  poorly  understood  by  astrophysical  models  (Lorimer  and
Kramer 2005, 30).
From this astrobiological, stellivore hypothesis, one can attempt the
following conjectures. First, isolated MSPs may have their stability degrade
faster than binary MSPs. Second, binary MSPs may regulate their spin and
magnetic  field  by  using  free  energy  from  the  companion  star.  A  third
expectation is that single MSPs would migrate toward an energy source –
another single star. We may predict that they aim at the nearest single star to
rejuvenate themselves and spin faster to join a PPS. The proper motion of
single MSPs may thus be observed to be higher than binary MSPs. A fourth
option is that single MSPs would be the equivalent of our space junk. Since
they have no energy source, they are simply not working properly anymore.
In  that  case,  one  might  expect  redundancy  in  single  and  binary  MSPs
coverage, or that the pulse characteristics of single MSPs would be different
from the binary MSPs. Their suitability for navigation would thus be limited. 
Current  XNAV  solutions  use  both  single  and  binary  millisecond
pulsars.  The  stellivore  hypothesis  suggests  that  X-ray  pulsars  in  binary
systems  will  be  shown to  be  more  precise,  reliable,  robust,  or  important
according to some navigation criteria, than other isolated MSPs.
The typically low magnetic field of MSPs may increase as a way to
trigger  accretion  in  a  controlled  manner.  For  example,  MSP  J1740-5340
could  potentially  swiftly  switch  from a radio  phase to  an  accretion phase
(Burderi, D’Antona, and Burgay 2002).
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Some pulsars  might  evolve  towards  the  millisecond range through
ETI intervention. These pulsars would become more stable to contribute to a
PPS. A prediction is that new stable pulsars would settle in regions covering
new areas of the galaxy, or provide redundancy where there was previously
no redundancy. 
4.5 Synchronization
From the perspective of living systems theory (J. G. Miller 1978; J. L.
Miller 1990), a timer is an essential subsystem in living things, providing key
information for decision-making, to start, stop, change the rate, advance or
delay processes, thus coordinating them in time. 
A central characteristic of timers is their ability to reset. Biological
clocks have this ability which is essential because the duration of day and
night changes throughout the year. The world clocks are also regularly re-
synchronized  by  time  signals  from  radio  stations  around  the  world.  In
particular,  the  time  on  GNSSs  satellites  are  synchronized  by  a  control
segment that communicates bi-directionally with the  satellite segment (see
Figure 7).
         
Figure 7 - Three segments of GPS. The user segment needs only a one-way signal to operate,
while the satellite segment needs to communicate bidirectionally with a control segment. In
the case of a PPS, the user segment would be the equivalent of a spacecraft, the satellite
segment of a network of pulsars, and there are no known control segment. This analogy with
GPS thus invites to look for a control segment in the galaxy. Figure from (Anver and Vasyl
2014). 
Could  we  try  to  specify  and  observe  a  resetting  process,  or  the
equivalent of a control segment operating in a pulsar network? This is what I
suggest to study here.
The  fastest  and  most  stable  MSPs  might  constitute  such a  control
segment, to which the other pulsars would synchronize. Concretely, we could
look  for  time  correction  signals  broadcasts  (that  exist  in  GNSSs),  or
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synchronization waves.  For example,  synchronization might  occur  first  on
pulsars nearest the putative control segment, and then diffuse to further away
pulsars. This could be investigated via rare MSP glitches, or other remarkable
features, such as giant pulses in MSPs.
Humans have devised two major approaches for time synchronization,
centralized or  distributed. The centralized option is simply a central server
dictating  time.  The  distributed  option  is  mostly  used  on  the  Internet  and
works with a  network time protocol  (Figure 8).  Clock synchronization in a
distributed system is far from obvious  (Tanenbaum and Steen 2007). Given
the size of the galaxy, a distributed solution is more likely than a centralized
one. Various ways to synchronize should thus be explored to see if one of
them is or could be taking place between MSPs. 
Figure 8 - Illustration of the network time protocol used to synchronize clocks. Illustration by
Benjamin D. Esham.
4.6 Navigability near the speed of light
The  issue  of  guiding fast  objects  with  a  GNSS is  not  obvious  on
Earth.  A  suitable  navigation  system  for  ETI  should  be  able  to  provide
effective  guidance  near  the  speed of  light.  In  space,  the  distances  are  so
immense, that any serious galactic traveler would likely travel at relativistic
speeds.  Does  XNAV  offer  easy  navigation  near  the  speed  of  light?  The
astrobiological hypothesis predicts that it would. 
4.7 Decoding galactic coordinates
A GNSS satellite  broadcasts  two critical  kinds  of  information:  the
time of its local atomic clock, and its  position relative to the center of the
Earth. We already know that MSPs provide the equivalent of atomic clocks,
but could it be that they also broadcast time-stamps and their position? 
For short navigation missions inside the solar-system, such coordinate
broadcasting wouldn’t be needed (Buist et al. 2011, 155b). However, for long
trips, occasional pulsar ephemeris updates would be suitable  (Graven et al.
2007).  Indeed,  even if  the MSP population  has  a  lower velocity  than the
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normal pulsars (see Table 1), they still move in the galaxy, and this needs to
be taken into account.
The astrobiological  consequence is  straightforward.  We could seek
ephemerides  updates,  broadcasted  by  MSPs  themselves!  The  question  of
“how?” requires additional working assumptions.  First,  we can reasonably
expect that the logical reference frame for galactic navigation would be the
galactic center. We could look for traces of coordinates in a variety of ways:
polar, cartesian, vectorial, etc. 
Machine learning algorithms could be used to try to find ephemeris
data in pulsars.  For example,  an algorithm could be trained by taking the
average pulse profile or polarization data as input, and output the position.
The  validity  of  the  method  could  be  tested  with  raw  data  from GPS  or
GLONASS satellites.  For example,  it  should be able  to  deal with various
coding schemes such as frequency division multiple access (FDMA, initially
used by GLONASS) or code division multiple access (CDMA, used by other
GNSSs).
If the picture I sketched in this paper is correct, coordinates should
only  be  broadcast  by  MSPs,  not  by  normal  pulsars.  This  provides  a  null
hypothesis.  
Another way to test the ephemeris broadcasting idea is to focus on
moving MSPs, and test if there is a correlation between what they broadcast
and their galactic coordinates. The astrobiological prediction here is that the
average pulse profile  or  other  broadcast  data  would change depending on
position. 
4.8 Directed panspermia: navigation and propulsion
Directed panspermia  is the suggestion that advanced extraterrestrial
beings have the ability and motivation to seed the universe with life  (Crick
and Orgel 1973; Crick 1981). Broadly speaking, the generalized principle of
cosmic reversibility (inspired by Crick and Orgel 1973), says that:
If we are capable of doing X in the future, then, given that the time was available, 
another extraterrestrial civilization might well have done X already.
 If we take X to be “life seeding”, we humans can already think about many
reasons to seed the universe with life (see e.g. Mautner 2004). Following this
principle,  ETI might have done it  already. For such life-seeding purposes,
Mautner  (1995) identified  the  necessity  of  extremely  precise  astrometry,
toward a resolution of 0.1 milliarc-seconds. However, thanks to XNAV, there
is now a straightforward navigation solution. 
The present Breakthrough Starshot project1, attempting to reach the
nearest star, Alpha Centauri, raises another issue beyond navigation, namely
the  propulsion of  probes.  The current  solution  consists  in  using  powerful
lasers  installed  on  Earth  to  beam  the  necessary  energy  to  the  probes.
Applying the principle of cosmic reversibility, if ETI is beaming propulsion
power, this may be observable (J. Benford and Benford 2016). However, as
1 https://breakthroughinitiatives.org/Initiative/3 
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the probes are further and further away, it is harder and harder to accurately
beam toward them.
A propulsion solution might be to use pulsars not only for navigation,
but also for propulsion (Vidal 2016b). Navigating the galaxy requires a lot of
fuel, and it has often been proposed that an external power source could be
used  (e.g.  Crick  1981,  133;  Guillochon  and  Loeb  2015;  Dyson  2015  at
23:35).  The  advantages  of  delegating  both  navigation  and  propulsion  to
pulsars would be immense, as it would make navigation fully autonomous.
No communication with the point of departure is needed, and the spacecraft
doesn’t need to carry its own fuel, so it can remain very light and small. The
beaming of pulsar energy might thus be able to make RNA, DNA strands,
viruses,  microbes,  bacteria,  other microorganisms or probes travel through
space.  The requirements are  that  the entities  should be able  to  survive in
space, be propelled with pulsar radiation power, and navigate with a PPS.
The feasibility remains to be examined. But even if the propulsion is weak,
and the entities travel slowly, provided the seeding project is not in a hurry, it
may work. 
A core advantage of GNSSs is that the navigation system is passive,
and requires few or cheap equipment on the user segment side: no atomic
clock or sophisticated antennas are needed on the user segment (Spilker and
Parkinson 1996, 30). The same passive quality holds for PPS. Adding fuel
passivity would lead to the equivalent of self-driving cars powered by solar
panels.
A probe or seed using PPS could go anywhere in the galaxy, with an
accuracy of 100 m! Actually, the idea to use radiative pressure as a way to
propel  dates  back to  the  birth  of  the scientific  formulation of  panspermia
(Arrhenius 1908). The original idea here is to use pulsars both as a propulsion
and a navigation solution.
As weird as it may seem, we are already able to test a range of such
directed  panspermia  scenarios  by  testing  if  some  particularly  space-  and
acceleration-resistant organisms  (Wikipedia contributors 2017) could use or
detect beams mimicking MSXP radiation. Again, the null hypothesis would
be to test normal pulsar radiation, in which case we would expect no reaction.
This may be achieved today with an experimental setup using the Goddard X-
ray Navigation Laboratory Testbed, also known as “the pulsar-on-a-table”. A
similar experiment has already been performed, using a planetarium to show
that beetles can orient themselves thanks to stars (Dacke et al. 2013). 
Another test consists in checking if galactic coordinates of our solar
system would be encoded in known space-proof microorganisms. Of course,
we should take into account that our solar system is revolving around the
center  of  the  galaxy.  In  the  best  case,  this  could  even indicate  when the
organism arrived on Earth, by computing the orbit of our solar system around
the galaxy, and comparing the coordinate found in the entity with our current
galactic position. 
It might also be possible to distinguish between level 1 and 3 in the
artificiality of pulsar navigation (see Table  3). The prediction is that if we
find pulsar ephemerides, plus the destination,  then the PPS is likely to be
natural (level 1). However, if we find the destination only, it may mean that
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no  local  ephemerides  data  was  needed,  and  that  pulsars  do  broadcast
ephemerides, and therefore that they are artificial (at least level 3).
Although not very convincingly, some authors have speculated that
there might  be a  message in the DNA of organisms  (Yokoo and Oshima
1979;  Nakamura  1986),  or  in  the  genetic  code  itself  (shCherbak  and
Makukov 2013). Recent progress in DNA computing and DNA data storage
suggests that even if DNA is slow to write and read, it has other qualities
such as long data retention, and a data density carrying capacity orders of
magnitudes  higher  than  today’s  best  storage  technologies  (Extance  2016;
Erlich and Zielinski 2017). The proof of galactic-scale ETI-engineering might
lie right inside known DNA! 
4.9 Information content
Has anyone examined systematically 
the sequencing of pulsar amplitude and polarization nulls?
Carl Sagan (in Dyson et al. 1973, 228)
The most rational ET signal would be a series of pulses 
that would be evidence of intelligent design
Frank Drake (in Swift 1990, 64)
In a discussion about the possibility of astroengineering, Carl Sagan
proposed to  analyze pulsars’ pulses for messages or traces  of artificiality.
This reminds us that SETI through pulsars need not be limited to navigation. 
As Drake notes, pulsed radiation would technically make most sense
for  purposes  of  communication.  This  also  holds  economically,  as  we
mentioned earlier (see section 4.2).
Communication  implicitly  assumes  a  shared  context,  a  shared
reference system. We would not try to decipher dolphin communication by
just  looking  at  the  recorded  patterns  they  emit.  Instead,  what  ethologists
typically do is study communication in the broader context of their natural
habitat,  to  try  to  see  correlations  between  communication  and  typical
behaviors such as eating, mating, competing, playing or warning. If we want
to  have  a  chance  to  decipher  putative  ETI  signals,  we need to  know the
shared environment.  That environment is clearly our Milky Way Galaxy. So
we must think of SETI in this astronomical and astrophysical context  (see
also section 5 and Cordes and Sullivan 1995). 
In terms of information patterns, regular radio signals on Earth come
from  navigation  beacons,  time  standards  identification,  transponders  and
radars  (Wolfram  2002,  1188b).  Wolfram  notes  that  such  signals  “sound
uncannily like pulsars”! Irregular signals are harder to decode, as they can be
modulated in many different ways, and require cryptanalysis. But irregular
signals can also reflect a high bandwidth of information transmission. 
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A general counterargument to the possibility of SETI is that if ETI
communicate  effectively,  they would send compressed information,  which
would  look  random.  Indeed,  as  Wolfram  (2002,  836) writes,  “regularity
represents in a sense a redundancy or inefficiency that can be removed by the
sender and receiver both using appropriate data compression”. 
The situation is different with a navigation system. Navigation signals
have a different purpose than a private communication. A navigation system
has  fair  chances  to  be  without  encryption  because  it  is  likely  to  be  for
everybody, and therefore anti-cryptographic  (see e.g. Dixon 1973). Another
reason why anti-cryptography would be suitable is that it would allow a low
computational and energetic load on the user segment side.
The SETI-XNAV program is a promising area of focus for SETI, as
navigation  signals  are  more  regular  and  easier  to  process  than  other
potentially irregular, highly modulated or encrypted ETI signals.
The beginning and end of communication would likely have markers,
like any file in a file system, even if they are encrypted. This is why even
assuming pulsars are used for communication, it makes most sense to try to
decipher  a  timing  and  navigation  system first.  In  a  way,  we  already  did
discover how to use pulsars for navigation in 1974!
 Because of the first lighthouse model, pulsars are often said to be
galactic lighthouses. On Earth, lighthouses obviously emit visible light. But
this  represents  only  the  tip  of  the  informational  iceberg,  as  in  a  modern
harbor,  much  more  information  is  communicated  at  other  invisible
wavelengths: radio communication occurs between boats, or between boats
and the harbor. In the same way, pulsar navigation may be the obvious part,
while other information-rich communication may be going on. 
The challenge to decode other possible messages in pulsars is thus
open. Since pulsars are distributed, it makes sense to look for concepts and
tools  coming  from  distributed  computer  science.  For  example,  for  space
missions,  a  network  architecture  has  been  proposed,  delay-tolerant
networking,  that  can  accommodate  heterogeneous  connections,  as  well  as
discontinuities  in  network  connectivity  (see  e.g.  Burleigh  et  al.  2003).  A
decentralized  mesh  network  might  also  make  sense  for  pulsar
communication. 
Recently, it has been shown that multiplexing could use an additional
degree of freedom, by using orbital angular momentum (Wang et al. 2012).
The  results  are  impressive  and  promise  future  wireless  communication
reaching  speeds  up  to  2.5  terabit  per  second!  Since  pulsars  are  rotating
neutron stars, if they are modified or used by ETI, it might be that such kind
of highly efficient multiplexing is used. 
Modulating  circular  polarization  is  a  method  used  in  X-ray
communication.  It  might  also  be  used  in  MSXPs.  Today  we  have  the
capabilities  to  study individual  pulses  of  MSPs,  their  varying intensity  or
polarization modes  (e.g. Osłowski et al. 2014; K. Liu et al. 2016). There is
thus room to study MSPs with all the SETI methodology. For example, linear
feedback shift register is used in GPS to generate ranging codes, and might
thus be also used by ETI (Wolfram 2002, 1190). Another potential test is the
Kullback–Leibler  divergence  measure,  that  has  already  been  used  in
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astrobiology (Wright et al. 2016) and could be applied to pulsars. Any other
method to test pulsars’ signal complexity would be a valuable attempt (for a
review on SETI signal detection and analysis, see Siemion et al. 2015). 
5 Pulsars as standards
In their landmark SETI article Cocconi and Morrison (1959) argued
that the radio emission line between 1.420 GHz and 1.666 GHz is a unique
frequency window for all civilizations in the galaxy. In this part of the radio
spectrum  there  is  little  noise  from  natural  celestial  sources,  so  artificial
transmissions would easily be distinguished by any civilization that may have
emerged in the galaxy.
Cordes and Sullivan (Cordes and Sullivan 1995; Sullivan and Cordes
1995) introduced  the  concept  of  astrophysical  coding,  arguing  that
intentional  signals  are  likely  to  be  encoded and detectable  with  the  same
techniques used by regular astrophysics. Astrophysical coding thus supposes
a shared astronomical and astrophysical methodology amongst civilizations
in the galaxy. In particular, pulsars would already be known and observed by
other ETIs, so searching for an artificial signal related to pulsar’s properties is
a promising search strategy (see also Dixon 1973). 
The usefulness of pulsars makes them likely to be used as standards
by all  putative civilizations  in  the galaxy.  In contrast  to  the SETI-XNAV
quest (section  4), this section remains valid starting from Level 1 of pulsar
artificiality (see Table  3), i.e. that all pulsars are natural, but may be still
used  as  standards  by  ETI.  In  all  likelihood,  advanced civilizations  in  our
galaxy would have discovered the timing,  positioning and communication
uses of MSPs.
5.1 Frequency window standard
Heidmann  and  collaborators  (Heidmann  1988;  1992;  Heidmann,
Biraud, and Tarter 1992) proposed to convert the rotational frequencies of
pulsars into radio frequencies in a well-defined and quasi-unique way. This is
a  promising start  for SETI because by using pulsars as a shared,  galactic
standard, it reduces search space in terms of bandwidth. However, it can be
criticized because it also assumes using a mathematical constant to convert
the  rotation  frequency  into  a  bandwidth,  a  step  which  seems  somehow
arbitrary. 
5.2 Pulse window standard
Which timescale should we use if we want to communicate or listen
in the galaxy? There are many possible timescales, but Sullivan  (1991) has
proposed, in addition to the preferred  frequency window, a preferred  pulse
window,  based on observed pulsar  periods.  He suggested  that  they would
constitute a natural galactic communication channel. 
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5.3 Pulsars and habitable stars alignment
In a similar line of thinking, Edmondson and Stevens  (Edmondson
and  Stevens  2003;  Edmondson  2010) proposed  a  SETI-strategy  based on
pulsars, where alignments are sought between at least planet Earth, a pulsar,
and a habitable star. A habitable star is defined as one that could support life
on one of its planets. Thanks to this special alignment, the pulsar is used as a
beacon to attract attention for us to further look for a signal coming from a
planet of the aligned habitable star in question. 
Remarkably,  Edmondson  found  up  to  6  pulsars  aligned  with  6
habitable stars (see Figure 9). Intriguingly, all 6 pulsars are MSPs, and in
binary  systems  (Lynch  et  al.  2012),  thus  appearing  in  the  stellivore
configuration. 
Figure 9 - Six pulsars in globular cluster M62 are aligned with 6 habitable stars, of which
Earth is one. Distances are given for the locations of the stars relative to Earth. 
(From Edmondson 2010)
However, as recognized by the authors, this proposal is asymmetric,
in  the sense that  the ETI transmitting invests  much more than us,  just  to
establish contact. What motivation could an ETI have to ensure that we (in
particular!) discover their existence? It may be anthropocentric to think that
we  are  worth  so  much  effort  and  attention.  The  same  applies  to  any
civilization  that  has  not  discovered  ETI  yet.  From  an  advanced  ETI
perspective, what is the worth of helping other civilizations discover that they
are not alone? 
Our arguments about the ease of directed panspermia thanks to pulsar
navigation  (see  section  4.8)  suggest  another  interpretation.  Such  aligned
pulsars would beam not information, but energy to propel life-seeding probes
towards habitable worlds, in order to pursue the most universal enterprise:
build complexity and reduce the entropy of the universe (for more arguments
about this ethical imperative, see e.g. Mautner 2009; Vidal 2014, 271–74). 
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5.4 Timing and positioning standard
The clock, not the steam engine, 
is the key-machine of the modern industrial age. 
(Mumford 1934, 14)
When Galileo started his scientific experiments, he was able to keep
track of time, and such precise timekeeping was a key ingredient to the birth
of  modern  science.  In  society,  as  Mumford  (1934) analyzed,  clocks  were
central to the industrial revolution, because “the clock is not merely a means
of  keeping  track  of  the  hours,  but  of  synchronizing  the  actions  of  men”
(Mumford 1934, 14). 
We already mentioned that living systems at all scales require a timer
subsystem to coordinate their actions (J. L. Miller 1990). For galactic timing
purposes,  any  form of  life  is  likely  to  use  pulsars  as  a  timer  subsystem ,
whether pulsars are natural or artificial.
But even here on Earth, the case to develop a pulsar-based time-scale
is  strong  (Hobbs  et  al.  2012).  A  pulsar  time-scale  presents  at  least  the
following advantages (Hobbs 2012, 2781a):
(i) an independent check on terrestrial time-scales using a system that is not 
terrestrial in origin,
(ii) a time-scale based on macroscopic objects of stellar mass instead of being based
on atomic clocks that are based on quantum processes and
(iii) a time-scale that is continuous and will remain valid far longer than any clock 
we can construct.
Although in the 1990s atomic clocks and pulsars were comparable in
stability  (e.g. Rawley et al. 1986), this is not the case anymore. Nowadays,
optical clocks have surpassed both atomic clocks and MSPs in stability (see
Figure  10).  However,  as  shown  in  the  trend-line  of  Figure  10,  long
observations of the stablest MSPs may lead to comparable or better  clock
stability. Indeed, the observed pulsar slowdown rate (increase in  Ṗ) may be
due to a relativistic effect called the Shklovsky effect (Shklovsky 1970). The
observed  pulsar  increase  in   Ṗ would  not  be  intrinsic,  but  related  to  the
pulsar’s  distance,  and  its  proper  motion  (for  more  details,  see  Camilo,
Thorsett,  and  Kulkarni  1994;  Lyne  and  Graham-Smith  2012,  52).  By
contrast, even optical clocks are limited in stability, represented by the solid
arrow on the bottom-right of Figure 10.
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Figure 10 - Comparison of terrestrial and astrophysical clocks. The frequency stability is
expressed in terms of square root Allan variance (y-axis), and the x-axis represents the
integration time. Optical clocks are currently the best ones, but the long-term trend of the
best millisecond pulsar (dashed arrow) shows that they may compete if we allow a long
integration time. See (Hartnett and Luiten 2011) for details.
Even  granting  that  Earth  clocks  will  remain  more  stable  than
astrophysical  clocks,  any  Earth  clock  is  subject  to  catastrophic  risks.  By
contrast, pulsars are stable through millions or hundreds of millions of years.
This  stability  in  time  suggests  that  we  could  benefit  from establishing  a
pulsar timing standard starting from today. Actually, two pulsar clocks have
already been installed in 2011, in St Catherine's Church, Gdańsk, Poland, and
in  the  European  Parliament  in  Brussels,  Belgium  (Gdańsk  Tourism
Organization  2017).  The very  existence  of  the  international  pulsar  timing
array is also a promising step in this direction.
MSPs may thus constitute a galactic timing and navigation standard
for  all  civilizations  in  the  galaxy.  We  already  mentioned  some  lines  of
inquiry that can be tested in the context of directed panspermia. Yet, as with
GNSSs, timing standards have many more applications beyond navigation. A
similarly wide array of applications might hold at a galactic scale, and remain
to be explored, even if pulsars are perfectly natural (Level 1 in table 3).  
5.5 Communication standard
Pulsars could also be key in  providing metadata standards  for  any
communication. On Earth, any letter or email contains metadata information
about where it comes from, where it goes, and when it was written. We can
reasonably  suspect  that  similar  conventions  exist  regarding  any  potential
galactic communication. Most messages are likely to be galacto-tagged, and
pulsar-time-stamped, and they are likely to be so by reference to MSPs. This
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simple remark is constraining for SETI. Given any suspicious message we
want to decode, the first step becomes to attempt to decode not the message
itself, but its timing and galactic origin and destination metadata. 
If  we  want  to  engage  in  messaging  to  extraterrestrial  intelligence
(METI), a pulsar communication standard should be taken into account. If we
want to, we are able to easily locate ourselves in space-time. If ETI made a
PPS, what are the policy issues? Do we have the right to use it without asking
permission (for a discussion, see Vidal 2017, sec. 7.7)? I am just scratching
the  surface  here,  but  the  consequences  of  pulsars  as  standards  are
fundamental and far-reaching, both for SETI and METI.
6 Discussion
At this point, the reader may have many objections. Let us address a
few of them. 
6.1 SETI-XNAV, a modern bias?
Isn’t  this  SETI-XNAV research  agenda just  a  bias  of  seeking  our
modern  technology  in  the  sky?  In  the  late  19th century,  canals  were
revolutionizing  water  and  sewage  distribution  management,  and  scientists
were seeing canals on Mars (Dick 1996). In the 1960s, radio and TV were a
revolution, so traditional SETI started to look for radio signals in the galaxy.
Today,  we  have  GNSSs,  and  we  start  to  think  of  PPS  as  an  engineered
navigation system. 
This objection is quite valid,  and the bias is real. We have always
looked for alien technologies taking as a guide the state-of-the-art technology
of a certain epoch. However biased, this heuristic makes sense, as it probes
ideas related to our latest operational technological breakthroughs, rather than
being based on old or imaginary ones. It would seem outdated to look for
canals on exoplanets, and it would seem too speculative to try to find ways to
detect a wormhole structure throughout the universe.
A strong argument is that navigation is a universal need, namely the
need,  for whatever reason, to go from one place to another. We emphasize
again that a timer is a fundamental living system component, and if there is
life in the galaxy, the timer is likely to be used to navigate, coordinate actions
and communication. There is not much speculation involved in postulating
that navigation and timing needs are universal.
Finally,  we did not find artificial  canals on Mars,  we did not find
traces of intelligent radio signals, but we did find out how to use pulsars for
navigation. 
6.2 How (im)plausible is pulsar engineering? 
The idea of extraterrestrial engineering at a stellar or galactic scale
may  seem  unlikely  if  not  impossible.  However,  this  belief  ignores  our
broader galactic and cosmological context.
Back in 1975, Hart  (1975) showed that even at 10% of the speed of
light, the galaxy could be traversed in 650 000 years. Relative to the age of
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the  galaxy,  other  spreading  models  support  the  possibility  of  a  quick
intelligent  life  expansion  (e.g.  Newman  and  Sagan  1981;  Armstrong  and
Sandberg 2013). 
To this we can add many independent arguments showing that if ETI
exists,  it  is  likely  much  older  than  us  (see  e.g.  Crick  1981,  chap.  10;
Lineweaver 2001; Lineweaver, Fenner, and Gibson 2004; Dick 2009, 467–
68;  Loeb 2014).  The difference  between ETI and us  could  be  billions  of
years,  i.e.  a  difference  in  development  comparable  to  the  time needed to
evolve from unicellular organisms to complex technological society.
An important objection to galaxy-wide engineering is that outer space
growth  is  uninteresting  to  conquer,  since  it  is  mostly  empty,  long  and
expensive to  travel  through.  The return  on investment  would  be too low.
Instead,  intelligent  life  would  develop  into  inner  space,  taking  control  of
smaller  and  smaller  scales,  higher  densities,  and higher  energies  (Barrow
1998, 133–38; Smart 2009; 2012; Ćirković 2008; Vidal 2014, chap. 9; Last
2017). 
However, inner and outer growth are not mutually exclusive. This is
illustrated  with  the  internet  or  GNSSs,  which  rely  on  microscopic
technologies (computers, atomic clocks), and yet accelerate development and
complexification on a planetary scale.
Even for  a  civilization  developing inwardly,  there are  at  least  two
reasons why space navigation might be of interest, if not of necessity. First,
for any Type II civilization on Kardashev’s (1964) scale, using stellar energy
or collecting other galactic resources would require one to move. Even if a
civilization is  not interested in outer space,  it  may  have to travel  through
space to get resources for its inner growth. 
Second, a life-affirming ethics may encourage advanced civilizations
to spread life, by seeding life to other solar systems, instead of leaving them
lifeless.  This could be achieved relatively cheaply through the sending of
small probes or microorganisms.
These are just basic reasons, but there may be many more, such as
galactic  mapping  or  military  reasons.  Indeed,  if  space  travel  becomes
common, it may in turn motivate setting up on a galactic scale what we have
done with GNSSs on an Earth-scale.
6.3 Who could have done it? 
One may object  that  one extraterrestrial  civilization wouldn’t  have
had the time to set up such a huge navigation system. The galaxy is so big
that it would be a too huge investment to be feasible. 
However, this is an anthropocentric objection. There is no reason that
the lifetime of ETI should be in the same order of magnitude as a human life
(100  years),  or  even  a  human  civilization  (1000  years).  An  advanced,
surviving civilization might live millions or hundreds of millions of years. It
might also continue the work of prior civilizations.
To  set  up  an  artificial  PPS,  there  are  two  possibilities:  either  one
single galactic civilization did it, or several did it. Even one single civilization
setting up a PPS is plausible.  Let us see why. Earth-like planets on other
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solar-type  stars  are  on  average  1.8±0.9 billion  years  older  than  the  Earth
(Lineweaver 2001). Bradbury et al (2011, 161) added that since 1.8 Gyr is an
average,  the galaxy is  likely  to  be  dominated  by even older  civilizations.
Given that the galaxy is 160 000 lights years wide  (Xu et al.  2015), in 2
billion years, it’s possible for signals to do 6 250 return trips. 
However, there is no need and no reason for one civilization to do all
the work. Modern engineering tends to develop stigmergic, distributed, self-
organizing and scalable architectures. It would be much more efficient and
fair to let different civilizations add nodes in a PPS, a method that made the
architecture  of  the  Internet  a  success.  We  could  imagine  a  distributed
construction design, where information through electromagnetic waves would
communicate the need and steps to set up additional pulsar beacons. To take
Earth as an example, we could imagine receiving information about how to
add a node in the PPS network by modifying the nearest pulsar. 
The maximum age of  ETI  and the  galactic  spreading models  thus
leave a lot of space-time for intelligence to develop, and we must adapt our
mindsets and SETI search strategies accordingly.
6.4 How could pulsar engineering work?
One would need only a very small movable shield 
above a pulsar surface to modulate emission to Earth. 
This seems much easier than generating 
an entire pulsar for communications.
 For signaling at night it is easier 
to wave a blanket in front of an existing fire
 than to start and douse a set of fires
 in a pattern which communicates a desired message.
Carl Sagan in (Dyson et al. 1973, 228)
Of course, we don’t know how pulsar engineering could work. But
some authors,  including Carl  Sagan, have speculated about  this  issue.  On
Earth, the use of smoke signals is effective for long-distance communication
and has been used since ancient times. Sagan suggested that a similar method
could be employed with pulsar radiation. More recently, Paul Davies (2010,
105) suggested that pulsar modulation could be achieved by a technologically
savvy civilization who might…
try using the pulsar emission itself to convey the message, by modulating the natural
pulses in some way. That would neatly solve the power problem - pulsars are so 
powerful they can be detected across the entire galaxy with a modest radio 
telescope. The signal would then show up as a pattern in the frequency, intensity or 
polarization of the radio pulses.
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Intelligently modulated signals would indeed save a lot of energy compared
to setting up a powerful communication device from scratch. Interestingly,
there  is  a  model  (Lyne  and  Manchester  1988) to  explain  the  pulse
components that supposes a patchy beam structure (Figure  11). 
Figure 11 - A model to explain the pulsar’s components suggests that the interior of the beam
is filled with discrete emitting regions, that make only parts of the emission active. Figure
adapted from (Lorimer and Kramer 2005, 73)
From  the  stellivore  hypothesis  framework,  an  energy  source  to
modify  the  spin,  magnetic  field  or  emission  mode  of  a  pulsar  would  be
needed,  ensuring  its  proper  function  and  maintenance.  A  companion  star
would provide such a necessary energy source. Pulsar engineering would be
most active in binary systems in accretion. 
Other  ways  an  X-ray  binary  could  have  been  modified  by  an
advanced  civilization  have  been  proposed  (Fabian  1977;  Corbet  1997;
Carstairs 2002). Recently, a remarkable model on how a pulsar’s signal may
be modulated by an artificial satellite has been proposed (Chennamangalam
et al.  2015). The authors propose that studying the phenomena of nulling,
mode-changing,  pulse-to-pulse,  intra-pulse  variation,  or  sub-pulse  drifting
may show signs of non-natural processes.  They predict  that an artificially
modulated pulsar would “exhibit an excess of thermal emission peaking in
the ultraviolet during its null phases, revealing the existence of a modulator”.
6.5 Is SETI-XNAV new?
As  we  already  mentioned,  the  idea  of  making  variable  stars  for
navigation is not original, since it was explored in science fiction even before
the discovery of pulsars (Smith 1957). Seth Shostak (1999) also speculated in
a fiction essay that the discovery of ETI would be a time signal, similar to the
WWV call  sign of  the  United  States’  National  Institute  of  Standards  and
Technology. Joseph Voros (2014) hypothesized that Hoag’s object, a galaxy
with  a  strange  ring  structure,  might  be  due  to  extraterrestrial  intelligence
engineering. As a way to empirically test the idea, he proposed to look for
time-keeping  signal  beacons  that  would  act  as  a  standard  clock  to
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synchronize  activities.  He  further  suggested  that  the  signal  would  likely
broadcast isotropically, and be directed along the galactic plane. 
LaViolette  (1999;  2006;  2016) can  be  acknowledged  for  having
speculated  that  pulsars  may  be  artificial,  and  might  also  constitute  a
navigation  system.  Unfortunately,  these  claims  are  combined  with
mythology, commit fallacious probabilistic arguments, do not lead to specific
predictions, and are uninformed by modern XNAV research (see also Vidal
2014, 250 for more critique). 
By contrast, the proposal of this paper is to join pulsar astrophysics,
astrobiology  and  navigation  science  to  form  a  SETI-XNAV  research
program.
6.6 What could the benefits be? 
Even if SETI-XNAV fails, there are benefits to reap for the future of
humanity. First, testing the hypotheses of the SETI-XNAV quest (section 4)
will improve our knowledge of pulsars and XNAV. Second, our Earth-based
space  navigation  method,  such  as  the  Deep  Space  Network  may  be
augmented with XNAV (e.g. Graven et al. 2007). By contrast to human-made
navigation solutions, pulsars are immune to solar flares, to humanly hostile
attempts at  disabling them, for they are very difficult  to jam  (Buist  et  al.
2011, 153b).
If XNAV could be made even more accurate  and if we could relay
such  X-ray  signals  to  Earth  (e.g.  by  setting  up  a  GNSS  constellation
translating  X-rays  to  radio  waves)  then  we  could  send  cheap  and  small
satellites  doing  this  translation,  extending  the  PPS  for  Earth.  It  would
constitute  a  secondary  navigation  system,  if  our  own  would  fail;  or  an
augmentation system; or just a very cheap, robust and long-lived GNSS, even
if it is not as accurate as current GNSSs. 
Current GNSSs define position in a classical, Euclidian way, to which
relativistic corrections are added. Instead, XNAV is an invitation to naturally
use a Minkowskian positioning system instead of the current approach  (see
e.g.  Tartaglia 2010; Coll,  Ferrando, and Morales-Lladosa 2010; Bunandar,
Caveny, and Matzner 2011). Applying such a true relativistic framework to
GNSSs promises a cleaner mathematical treatment,  and more ease to deal
with relativistic effects. 
Additionally, if PPS is natural, and works nearly as well as GNSSs,
then it begs the question: why would our GNSSs need a control segment at
all? Distributed, independent clocks might do well for navigation, and thus
savings might be made on control segments of GNSSs.  
Scientifically, SETI-XNAV is a concrete ETI hypothesis to test. The
data is here, the timing and navigation functionalities are here. Historically,
the suspicion of artificial canals on Mars triggered space missions to Mars
and  developed  knowledge  about  Mars.  Similarly,  the  project  to  try  to
decipher  any  potentially  meaningful  information  in  pulsar’s  signals  (see
section 4.9) could lead to the development of tools and methods that can be
used for any future candidate signal. 
38
Pulsar Positioning System
7 Conclusion
The need of autonomous space navigation is timely, as our epoch is
experiencing  a  renewal  of  space  exploration,  with  numerous  scientific
missions  inside  the  solar  system,  but  also  bolder  missions  funded  by
billionaires,  such  as  to  colonize  Mars  (Elon  Musk),  or  to  reach  Alpha
Centauri (Yuri Milner). To guarantee the success of such missions, accurate
navigation  will  be  critical,  and  pulsars  are  currently  the  best  option  to
navigate the solar system and the galaxy with high accuracy. 
Even if SETI-XNAV fails, the program still promises various benefits
because it will contribute to XNAV research, and may help to augment or
design more efficient and cheaper global navigation satellite systems here on
Earth.
A broader outlook on convergent evolution suggests that GNSSs and
PPS  may  one  day  be  considered  as  instances  of  “cosmic  convergent
evolution”  (Flores  Martinez  2014).  The  convergence  could  come  in  two
different  forms.  First,  the  time  of  arrival  navigation  method  that  humans
developed for GNSSs is also applicable on a galactic scale thanks to pulsars,
and  other  ETIs  are  likely  to  also  converge  on  this  navigation  solution.
Second, if the PPS was indeed engineered by ETI, it would be a remarkable
case  of  technological  convergence,  on  radically  different  scales:  GNSSs
provide  an  Earth  navigation  solution  and  millisecond  pulsars  a  galactic
navigation solution.
Conceptually, SETI-XNAV extends SETI to search for a  distributed
signal (an intelligently set-up navigation system), instead of searching for a
localized signal around one particular star or planet. If the program succeeds,
it would lead to the discovery of extraterrestrial intelligence, through their
engineered navigation system. The discovery would cause a much anticipated
scientific  worldview shift,  with  a  complex  societal  impact  (see  e.g.  Dick
2015; Vidal 2015).
To  sum  up,  this  paper  draws  two  major  conclusions,  one  to  be
expected, the other still uncertain. First, all pulsars could be perfectly natural,
but we can reasonably expect that civilizations in the galaxy will use them as
standards  (section  5).  By studying and using XNAV, we are  also  getting
ready  to  receive  and  send  messages  to  extraterrestrial  intelligence  in  a
galactically meaningful way. From now on, we might be able to decipher a
first level of timing and positioning metadata in any galactic communication. 
Secondly,  what remains uncertain is whether the pulsar positioning
system is  natural  or  artificial.  We put  forward  the  SETI-XNAV quest  to
answer this issue. It draws on pulsar astronomy, as well as navigation and
positioning  science  to  make  SETI  predictions.  This  concrete  project  is
grounded in a  universal  problem and need:  navigation.  Decades of  pulsar
empirical data is available, and I have proposed 9 lines of inquiry to begin the
endeavor  (section  4).  These  include  predictions  regarding  the  spatial  and
power  distribution  of  pulsars  in  the  galaxy;  their  population;  their
evolutionary  tracks;  possible  synchronization  between  pulsars;  testing  the
navigability near the speed of light;  decoding galactic coordinates;  testing
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various  directed  panspermia  hypotheses;  as  well  as  decoding  metadata  or
more information in pulsar’s pulses.   
To emphasize the significance of the SETI-XNAV research program,
imagine  that  we  would  find  around  an  exoplanet’s  orbit  well-distributed
timekeeping devices with an accuracy comparable to atomic clocks, beaming
timing information that can be used as a positioning system, just like GPS.
Wouldn’t  we  be  compelled  to  explore  the  hypothesis  that  extraterrestrial
intelligence is at play? This is exactly the current situation with millisecond
pulsars, but on a galactic scale.
8 Acknowledgements
I  thank  Thomas  Provoost  for  the  suggestion  to  look  for  pulsar
synchronization waves, Werner Becker, Jason T. Wright and two anonymous
reviewers  for  corrections  and  constructive  feedback,  as  well  as  Edward
Cooke and Cadell Last for their careful proofreading.
40
Pulsar Positioning System
9 References
Anderson, C. G. 1990. “‘Spinning Pulsar’ Claims Retracted.” Nature 343 (6260): 679–679. 
doi:10.1038/343679b0.
Anver, and Vasyl. 2014. “GPS Accuracy | Lemberg Solutions Blog.” January 6. 
http://blog.lemberg.co.uk/gps-accuracy-complete-guide-dummies.
Armstrong, Stuart, and Anders Sandberg. 2013. “Eternity in Six Hours: Intergalactic Spreading of 
Intelligent Life and Sharpening the Fermi Paradox.” Acta Astronautica 89 (August): 1–13. 
doi:10.1016/j.actaastro.2013.04.002. http://www.fhi.ox.ac.uk/intergalactic-spreading.pdf.
Arrhenius, Svante. 1908. Worlds in the Making: The Evolution of the Universe. Harper & brothers.
Backer, D. C., Shrinivas R. Kulkarni, Carl Heiles, M. M. Davis, and W. M. Goss. 1982. “A Millisecond
Pulsar.” Nature 300 (5893): 615–18. doi:10.1038/300615a0.
Barrow, J. D. 1998. Impossibility: The Limits of Science and the Science of Limits. Oxford University 
Press, USA.
Becker, Werner, Mike G. Bernhardt, and Axel Jessner. 2013. “Autonomous Spacecraft Navigation 
With Pulsars.” Acta Futura 7: 11–28. doi:10.2420/AF07.2013.11. 
http://arxiv.org/abs/1305.4842.
Becker, Werner, and Joachim Trümper. 1993. “Detection of Pulsed X-Rays from the Binary 
Millisecond Pulsar J0437-4715.” Nature 365 (6446): 528–30. doi:10.1038/365528a0.
Benford, Gregory, James Benford, and Dominic Benford. 2010. “Searching for Cost-Optimized 
Interstellar Beacons.” Astrobiology 10 (5): 491–98. doi:10.1089/ast.2009.0394. 
https://arxiv.org/abs/0810.3966.
Benford, James. 2010. “How Can We Distinguish Transient Pulsars from SETI Beacons?” 
ArXiv:1003.5938. http://arxiv.org/abs/1003.5938.
Benford, James, and Dominic Benford. 2016. “Power Beaming Leakage Radiation as a SETI 
Observable.” The Astrophysical Journal 825 (2): 101. doi:10.3847/0004-637X/825/2/101. 
http://arxiv.org/abs/1602.05485.
Benford, James, Gregory Benford, and Dominic Benford. 2010. “Messaging with Cost-Optimized 
Interstellar Beacons.” Astrobiology 10 (5): 475–90. doi:10.1089/ast.2009.0393. 
https://arxiv.org/abs/0810.3964.
Bennett, C.H. 1988. “Logical Depth and Physical Complexity.” In The Universal Turing Machine: A 
Half-Century Survey, edited by R. Herken, 227–257. Oxford University Press. 
http://www.research.ibm.com/people/b/bennetc/UTMX.pdf.
Bhat, N. D. R., Y. Gupta, M. Kramer, A. Karastergiou, A. G. Lyne, and S. Johnston. 2007. 
“Simultaneous Single-Pulse Observations of Radio Pulsars - V. On the Broadband Nature of 
the Pulse Nulling Phenomenon in PSR B1133+16.” Astronomy & Astrophysics 462 (1): 257–
68. doi:10.1051/0004-6361:20053157.
Bhattacharya, D, and E. P. J van den Heuvel. 1991. “Formation and Evolution of Binary and 
Millisecond Radio Pulsars.” Physics Reports 203 (1): 1–124. doi:10.1016/0370-
1573(91)90064-S.
Blandford, R., and S. A. Teukolsky. 1976. “Arrival-Time Analysis for a Pulsar in a Binary System.” 
The Astrophysical Journal 205 (April): 580–91. doi:10.1086/154315. 
http://adsabs.harvard.edu/abs/1976ApJ...205..580B.
Bradbury, Robert J., Milan M Ćirković, and George Dvorsky. 2011. “Dysonian Approach to SETI: A 
Fruitful Middle Ground?” Journal of the British Interplanetary Society 64: 156–65. 
https://www.researchgate.net/profile/Milan_Cirkovic/publication/258496083_Dysonian_App
roach_to_SETI_A_Fruitful_Middle_Ground/links/53e797750cf2fb748721a3ff.pdf.
Buist, Peter J., Steven Engelen, Arash Noroozi, Prem Sundaramoorthy, Sandra Verhagen, and Chris 
Verhoeven. 2011. “Overview of Pulsar Navigation: Past, Present and Future Trends.” 
Navigation 58. doi:10.1002/j.2161-4296.2011.tb01798.x.
41
Pulsar Positioning System
Bunandar, Darius, Scott A. Caveny, and Richard A. Matzner. 2011. “Measuring Emission Coordinates 
in a Pulsar-Based Relativistic Positioning System.” Physical Review D 84 (10): 104005. 
doi:10.1103/PhysRevD.84.104005.
Burderi, Luciano, Francesca D’Antona, and Marta Burgay. 2002. “PSR J1740–5340: Accretion 
Inhibited by Radio Ejection in a Binary Millisecond Pulsar in the Globular Cluster NGC 
6397.” The Astrophysical Journal 574 (1): 325. doi:10.1086/340891. 
https://arxiv.org/abs/astro-ph/0203387.
Burleigh, S., A. Hooke, L. Torgerson, K. Fall, V. Cerf, B. Durst, K. Scott, and H. Weiss. 2003. “Delay-
Tolerant Networking: An Approach to Interplanetary Internet.” IEEE Communications 
Magazine 41 (6): 128–36. doi:10.1109/MCOM.2003.1204759. 
http://symoon.free.fr/scs/dtn/biblio/ieee-comsoc-article.pdf.
Burnell, S. Jocelyn Bell. 1977. “Little Green Men, White Dwarfs or Pulsars?” In Annals of the New 
York Academy of Science, 302:685–89.
Camilo, F., S. E. Thorsett, and S. R. Kulkarni. 1994. “The Magnetic Fields, Ages, and Original Spin 
Periods of Millisecond Pulsars.” The Astrophysical Journal 421 (January): L15–18. 
doi:10.1086/187176. http://adsabs.harvard.edu/abs/1994ApJ...421L..15C.
Carstairs, Ian R. 2002. “Spreading the Net.” Astronomy & Geophysics 43 (6): 6.26-6.29. 
doi:10.1046/j.1468-4004.2002.43626.x. https://academic.oup.com/astrogeo/article-
lookup/doi/10.1046/j.1468-4004.2002.43626.x.
Chen, Kaiyou, Malvin Ruderman, and Tianhua Zhu. 1998. “Millisecond Pulsar Alignment: PSR 
J0437–4715.” The Astrophysical Journal 493 (1): 397. doi:10.1086/305106. 
http://iopscience.iop.org/article/10.1086/305106/meta.
Chennamangalam, J., A. Siemion, D. R. Lorimer, and D. Werthimer. 2015. “Jumping the Energetics 
Queue: Modulation of Pulsar Signals by Extraterrestrial Civilizations.” New Astronomy 34: 
245–249. http://arxiv.org/abs/1311.4608.
Chester, T. J., and S. A. Butman. 1981. “Navigation Using X-Ray Pulsars.” NASA Technical Reports 
N81-27129.
Ćirković, Milan. 2008. “Against the Empire.” Journal of the British Interplanetary Society 61 (7): 246–
254.
Cocconi, Giuseppe, and Philip Morrison. 1959. “Searching for Interstellar Communications.” Nature 
184: 844–46. doi:DOI: 10.1038/184844a0. 
http://www.iaragroup.org/_OLD/seti/pdf_IARA/cocconi.pdf.
Cognard, Ismaël, and Donald C. Backer. 2004. “A Microglitch in the Millisecond Pulsar PSR B1821–
24 in M28.” The Astrophysical Journal Letters 612 (2): L125. doi:10.1086/424692.
Coll, Bartolomé, Joan Josep Ferrando, and Juan Antonio Morales-Lladosa. 2010. “Positioning Systems 
in Minkowski Spacetime: From Emission to Inertial Coordinates.” Classical and Quantum 
Gravity 27 (6): 065013. doi:10.1088/0264-9381/27/6/065013. 
https://arxiv.org/abs/1204.2241.
Corbet, R. H. D. 1997. “SETI at X-Energies - Parasitic Searches from Astrophysical Observations.” 
Journal of the British Interplanetary Society 50 (January): 253–57. 
https://arxiv.org/abs/1609.00330.
Cordes, J. M., and W. T. III Sullivan. 1995. “Astrophysical Coding: A New Approach to SETI Signals. 
I. Signal Design and Wave Propagation.” In Progress in the Search for Extraterrestrial Life, 
74:325–34. ASP Conference Series. http://adsabs.harvard.edu/abs/1995ASPC...74..325C.
Crick, F.H.C. 1981. Life Itself: Its Origin and Nature. New York: Simon and Schuster.
Crick, F.H.C., and L.E. Orgel. 1973. “Directed Panspermia.” Icarus 19 (3): 341–46. doi:10.1016/0019-
1035(73)90110-3.
Dacke, Marie, Emily Baird, Marcus Byrne, Clarke H. Scholtz, and Eric J. Warrant. 2013. “Dung 
Beetles Use the Milky Way for Orientation.” Current Biology 23 (4): R149–50. 
doi:10.1016/j.cub.2012.12.034. http://www.cell.com/current-biology/abstract/S0960-
9822(12)01507-2.
Davies, P. C. W. 2010. The Eerie Silence: Are We Alone in the Universe? London: Penguin Books.
Delahaye, Jean-Paul, and Clément Vidal. 2016. “Organized Complexity: Is Big History a Big 
Computation?” ArXiv:1609.07111 [Cs], September. http://arxiv.org/abs/1609.07111.
42
Pulsar Positioning System
Di Salvo, Tiziana, Luciano Burderi, Alessandro Riggio, Alessandro Papitto, Maria Teresa Menna, and 
Magnus Axelsson. 2008. “Order in the Chaos? The Strange Case of Accreting Millisecond 
Pulsars.” AIP Conference Proceedings 1054 (1): 173–82. doi:10.1063/1.3002500. 
http://aip.scitation.org/doi/abs/10.1063/1.3002500.
Dick, S. J. 1996. The Biological Universe: The Twentieth Century Extraterrestrial Life Debate and the 
Limits of Science. Cambridge University Press.
———. 2009. “Bringing Culture to Cosmos: The Postbiological Universe.” In Cosmos and Culture: 
Cultural Evolution in a Cosmic Context, edited by S. J. Dick and Mark L. Lupisella, 463–87. 
Washington D.C.: Government Printing Office, NASA SP-2009-4802. 
http://history.nasa.gov/SP-4802.pdf.
———. 2013. Discovery and Classification in Astronomy: Controversy and Consensus. New york, 
NY, USA: Cambridge University Press.
———. , ed. 2015. The Impact of Discovering Life beyond Earth. Cambridge: Cambridge University 
Press.
Dixon, Robert S. 1973. “A Search Strategy for Finding Extraterrestrial Radio Beacons.” Icarus 20 (2): 
187–99. doi:10.1016/0019-1035(73)90050-X.
Downs, G. S. 1974. “Interplanetary Navigation Using Pulsating Radio Sources.” NASA Technical 
Reports N74-34150. https://ntrs.nasa.gov/search.jsp?R=19740026037.
Dyson, F. J. 1960. “Search for Artificial Stellar Sources of Infrared Radiation.” Science 131 (3414): 
1667–68. doi:10.1126/science.131.3414.1667.
———. 2015. Freeman Dyson - Noah’s Ark Eggs and Warm-Blooded Plants - YouTube. 
https://www.youtube.com/watch?
v=_yzgPMwshqE&list=PLbbCsk7MUIGdscYLrtDFM4mpQeRPnrOyO&index=3.
Dyson, F. J, N.S. Kardashev, V. L. Ginzburg, and G. Marx. 1973. “Astroengineering Activity: The 
Possibility of ETI in Present Astrophysical Phenomena.” In Communication with 
Extraterrestrial Intelligence (CETI), edited by Carl Sagan. Cambridge: MIT Press.
Edmondson, William H. 2010. “Targets and SETI: Shared Motivations, Life Signatures and 
Asymmetric SETI.” Acta Astronautica, Special Issue on Searching for Life Signatures, 67 
(11–12): 1410–18. doi:10.1016/j.actaastro.2010.01.017. 
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.154.2487&rep=rep1&type=pdf.
Edmondson, William H., and Ian R. Stevens. 2003. “The Utilization of Pulsars as SETI Beacons.” 
International Journal of Astrobiology 2 (4): 231–71. doi:10.1017/S1473550403001666. 
http://www.journals.cambridge.org/abstract_S1473550403001666.
Emadzadeh, Amir Abbas, and Jason Lee Speyer. 2011. Navigation in Space by X-Ray Pulsars. 
Springer.
Erlich, Yaniv, and Dina Zielinski. 2017. “DNA Fountain Enables a Robust and Efficient Storage 
Architecture.” Science 355 (6328): 950–54. doi:10.1126/science.aaj2038. 
http://biorxiv.org/content/early/2016/12/04/074237.
Espinoza, C. M., A. G. Lyne, B. W. Stappers, and M. Kramer. 2011. “A Study of 315 Glitches in the 
Rotation of 102 Pulsars.” Monthly Notices of the Royal Astronomical Society 414 (2): 1679–
1704. doi:10.1111/j.1365-2966.2011.18503.x. 
http://mnras.oxfordjournals.org/content/414/2/1679.
Extance, Andy. 2016. “How DNA Could Store All the World’s Data.” Nature News 537 (7618): 22. 
doi:10.1038/537022a.
Fabian, A. C. 1977. “Signalling over Stellar Distances with X-Rays.” Journal of the British 
Interplanetary Society 30 (March): 112. http://adsabs.harvard.edu/abs/1977JBIS...30..112F.
Faulkner, A. J., I. H. Stairs, M. Kramer, A. G. Lyne, G. Hobbs, A. Possenti, D. R. Lorimer, et al. 2004. 
“The Parkes Multibeam Pulsar Survey – V. Finding Binary and Millisecond Pulsars.” 
Monthly Notices of the Royal Astronomical Society 355 (1): 147–58. doi:10.1111/j.1365-
2966.2004.08310.x.
Flores Martinez, Claudio L. 2014. “SETI in the Light of Cosmic Convergent Evolution.” Acta 
Astronautica 104 (1): 341–49. doi:10.1016/j.actaastro.2014.08.013. 
https://www.researchgate.net/publication/265854623_SETI_in_the_light_of_cosmic_converg
ent_evolution.
43
Pulsar Positioning System
Gdańsk Tourism Organization. 2017. “Pulsar Clock.” Accessed January 25. 
http://visitgdansk.com/en/hity-gdanska/Pulsar-Clock,a,3493.
Gold, T. 1968. “Rotating Neutron Stars as the Origin of the Pulsating Radio Sources.” Nature 218: 
731–32. doi:10.1038/218731a0.
Graven, Paul, John Collins, Suneel Sheikh, and John E. Hanson. 2007. “XNAV beyond the Moon.” In 
Proc. ION 63rd Annual Meeting, 423–431. 
http://www.asterlabs.com/publications/2007/Graven_et_al,_ION_63_AM_April_2007.pdf.
Guillochon, James, and Abraham Loeb. 2015. “SETI via Leakage from Light Sails in Exoplanetary 
Systems.” The Astrophysical Journal Letters 811 (2): L20. doi:10.1088/2041-
8205/811/2/L20. http://arxiv.org/abs/1508.03043.
Hanson, J., S. Sheikh, P. Graven, and J. Collins. 2008. “Noise Analysis for X-Ray Navigation 
Systems.” In 2008 IEEE/ION Position, Location and Navigation Symposium, 704–13. 
doi:10.1109/PLANS.2008.4570028.
Hart, Michael H. 1975. “Explanation for the Absence of Extraterrestrials on Earth.” Quarterly Journal 
of the Royal Astronomical Society 16: 128. 
http://articles.adsabs.harvard.edu/full/1975QJRAS..16..128H/0000128.000.html.
Hartnett, John G., and Andre N. Luiten. 2011. “Comparison of Astrophysical and Terrestrial Frequency
Standards.” Reviews of Modern Physics 83 (1): 1–9. doi:10.1103/RevModPhys.83.1. 
https://arxiv.org/abs/1004.0115.
Heidmann, Jean. 1988. “Strategies for the Search of Extraterrestrial Radio Signals Using Pulsars.” 
Academie Des Sciences Paris Comptes Rendus Serie B Sciences Physiques 306 (May): 1441–
45. http://adsabs.harvard.edu/abs/1988CRASB.306.1441H.
———. 1992. “Pulsar-Aided SETI within a Hundred Light Years.” Acta Astronautica 26 (2): 129–32. 
doi:10.1016/0094-5765(92)90054-M.
Heidmann, Jean, F. Biraud, and J. Tarter. 1992. “Pulsar-Aided SETI Experimental Observations.” Acta 
Astronautica 26 (3–4): 205–9. doi:10.1016/0094-5765(92)90097-3.
Hewish, Antony. 2008. Interview of Sir Antony Hewish. 
https://www.repository.cam.ac.uk/handle/1810/197579.
Hobbs, G. 2012. “Spacecraft, Clocks and Black Holes: The Parkes Radio Telescope.” AQ - Australian 
Quarterly 83 (4): 15.
Hobbs, G., W. Coles, R. N. Manchester, M. J. Keith, R. M. Shannon, D. Chen, M. Bailes, et al. 2012. 
“Development of a Pulsar-Based Time-Scale.” Monthly Notices of the Royal Astronomical 
Society 427 (4): 2780–87. doi:10.1111/j.1365-2966.2012.21946.x. 
http://mnras.oxfordjournals.org/cgi/doi/10.1111/j.1365-2966.2012.21946.x.
Hobbs, G., D. R. Lorimer, A. G. Lyne, and M. Kramer. 2005. “A Statistical Study of 233 Pulsar Proper 
Motions.” Monthly Notices of the Royal Astronomical Society 360 (3): 974–92. 
doi:10.1111/j.1365-2966.2005.09087.x. http://mnras.oxfordjournals.org/content/360/3/974.
Jastrow, Robert, and Malcolm H. Thompson. 1977. Astronomy: Fundamentals and Frontiers. 3d ed. 
New York: Wiley.
Kaplan, D. L., V. B. Bhalerao, M. H. van Kerkwijk, D. Koester, S. R. Kulkarni, and K. Stovall. 2013. 
“A Metal-Rich Low-Gravity Companion to a Massive Millisecond Pulsar.” The 
Astrophysical Journal 765 (2): 158. doi:10.1088/0004-637X/765/2/158. 
http://stacks.iop.org/0004-637X/765/i=2/a=158.
Kardashev, N. S. 1964. “Transmission of Information by Extraterrestrial Civilizations.” Soviet 
Astronomy 8 (2): 217–220. http://adsabs.harvard.edu/abs/1964SvA.....8..217K.
Kízíltan, Bülent, and Stephen E. Thorsett. 2009. “Constraints on Pulsar Evolution: The Joint Period-
Spin-down Distribution of Millisecond Pulsars.” The Astrophysical Journal Letters 693 (2): 
L109. doi:10.1088/0004-637X/693/2/L109. http://www.arxiv.org/abs/0902.0604.
———. 2010. “Do All Millisecond Pulsars Share a Common Heritage?” In AIP Conference 
Proceedings, 1280:57–64. AIP Publishing. doi:10.1063/1.3507201. 
http://arxiv.org/abs/0905.2183.
Kramer, Michael. 2004. “Millisecond Pulsars as Tools of Fundamental Physics.” In Astrophysics, 
Clocks and Fundamental Constants, edited by Savely G. Karshenboim and Ekkehard Peik, 
33–54. Lecture Notes in Physics 648. Springer Berlin Heidelberg. http://arxiv.org/abs/astro-
ph/0405178.
44
Pulsar Positioning System
Kramer, Michael, Kiriaki M. Xilouris, Duncan R. Lorimer, Oleg Doroshenko, Axel Jessner, Richard 
Wielebinski, Alexander Wolszczan, and Fernando Camilo. 1998. “The Characteristics of 
Millisecond Pulsar Emission. I. Spectra, Pulse Shapes, and the Beaming Fraction.” The 
Astrophysical Journal 501 (1): 270. doi:10.1086/305790. http://stacks.iop.org/0004-
637X/501/i=1/a=270.
Kristian, J., C. R. Pennypacker, J. Middledrtch, M. A. Hamuy, J. N. Imamura, W. E. Kunkel, R. 
Lucinio, et al. 1989. “Submillisecond Optical Pulsar in Supernova 1987A.” Nature 338 
(6212): 234–36. doi:10.1038/338234a0.
Lamb, Frederick K., Stratos Boutloukos, Sandor Van Wassenhove, Robert T. Chamberlain, Ka Ho Lo, 
Alexander Clare, Wenfei Yu, and M. Coleman Miller. 2009. “A Model for the Waveform 
Behavior of Accreting Millisecond X-Ray Pulsars: Nearly Aligned Magnetic Fields and 
Moving Emission Regions.” The Astrophysical Journal 706 (1): 417. doi:10.1088/0004-
637X/706/1/417. http://stacks.iop.org/0004-637X/706/i=1/a=417.
Last, Cadell. 2017. “Big Historical Foundations for Deep Future Speculations: Cosmic Evolution, 
Atechnogenesis, and Technocultural Civilization.” Foundations of Science 22 (1): 39–124. 
doi:10.1007/s10699-015-9434-y. https://cadelllast.files.wordpress.com/2012/12/last-c-2015-
big-historical-foundations-for-deep-future-speculations5.pdf.
LaViolette, P. A. 1999. “Evidence That Radio Pulsars May Be Artificial Beacons of ETI Origin.” In 
Bulletin of the American Astronomical Society, 31:1461. 
http://adsabs.harvard.edu/abs/1999AAS...195.5807L.
———. 2006. Decoding the Message of the Pulsars: Intelligent Communication from the Galaxy. Bear
& Company.
———. 2016. “Are Radio Pulsars Extraterrestrial Communication Beacons?” Journal of Astrobiology 
& Outreach, March, 1–3. doi:10.4172/2332-2519.1000148. 
https://www.esciencecentral.org/journals/are-radio-pulsars-extraterrestrial-communication-
beacons-2332-2519-1000148.php?aid=69628.
Lineweaver, Charles H. 2001. “An Estimate of the Age Distribution of Terrestrial Planets in the 
Universe: Quantifying Metallicity as a Selection Effect.” Icarus 151 (2): 307–13. 
doi:10.1006/icar.2001.6607. http://arxiv.org/abs/astro-ph/0012399.
Lineweaver, Charles H., Yeshe Fenner, and Brad K. Gibson. 2004. “The Galactic Habitable Zone and 
the Age Distribution of Complex Life in the Milky Way.” Science 303 (5654): 59–62. 
doi:10.1126/science.1092322. http://arxiv.org/abs/astro-ph/0401024.
Liu, Jing, Jie Ma, Jin-wen Tian, Zhi-wei Kang, and Paul White. 2010. “X-Ray Pulsar Navigation 
Method for Spacecraft with Pulsar Direction Error.” Advances in Space Research 46 (11): 
1409–17. doi:10.1016/j.asr.2010.08.019.
Liu, K., C. G. Bassa, G. H. Janssen, R. Karuppusamy, J. McKee, M. Kramer, K. J. Lee, et al. 2016. 
“Variability, Polarimetry, and Timing Properties of Single Pulses from PSR J1713+0747 
Using the Large European Array for Pulsars.” Monthly Notices of the Royal Astronomical 
Society 463 (3): 3239–48. doi:10.1093/mnras/stw2223. https://arxiv.org/abs/1609.00188.
Loeb, Abraham. 2014. “The Habitable Epoch of the Early Universe.” International Journal of 
Astrobiology 13 (04): 337–339. doi:10.1017/S1473550414000196. 
http://arxiv.org/abs/1312.0613.
Lorimer, Duncan Ross. 2008. “Binary and Millisecond Pulsars.” Living Reviews in Relativity 11 (8): 
21. http://www.livingreviews.org/lrr-2008-8.
Lorimer, Duncan Ross, and Michael Kramer. 2005. Handbook of Pulsar Astronomy. Cambridge 
University Press.
Lynch, Ryan S., Paulo C. C. Freire, Scott M. Ransom, and Bryan A. Jacoby. 2012. “The Timing of 
Nine Globular Cluster Pulsars.” The Astrophysical Journal 745 (2): 109. doi:10.1088/0004-
637X/745/2/109. https://arxiv.org/abs/1112.2612.
Lyne, A. G., and F. Graham-Smith. 2012. Pulsar Astronomy. 4th ed. Cambridge Astrophysics Series. 
Cambridge ; New York: Cambridge University Press.
Lyne, A. G., and R. N. Manchester. 1988. “The Shape of Pulsar Radio Beams.” Monthly Notices of the 
Royal Astronomical Society 234 (3): 477–508. doi:10.1093/mnras/234.3.477. 
https://academic.oup.com/mnras/article/234/3/477/1002738/The-shape-of-pulsar-radio-
beams.
45
Pulsar Positioning System
Lyne, A. G., R. N. Manchester, D. R. Lorimer, M. Bailes, N. D’Amico, T. M. Tauris, S. Johnston, J. F. 
Bell, and L. Nicastro. 1998. “The Parkes Southern Pulsar Survey - II. Final Results and 
Population Analysis.” Monthly Notices of the Royal Astronomical Society 295 (April): 743–
55. doi:10.1046/j.1365-8711.1998.01144.x. 
http://adsabs.harvard.edu/abs/1998MNRAS.295..743L.
Manchester, Richard N. 2009. “Radio Emission Properties of Pulsars.” In Neutron Stars and Pulsars, 
edited by Werner Becker, 357:19–39. Astrophysics and Space Science Library. Springer 
Berlin Heidelberg.
Mautner, M. 1995. “Directed Panspermia. 2. Technological Advances toward Seeding Other Solar 
Systems and the Foundation of Panbiotic Ethics.” British Interplanetary Society, Journal 48 
(10): 435–440.
———. 2004. Seeding the Universe with Life: Securing Our Cosmological Future, Galactic Ecology, 
Astroethics and Directed Panspermia. Christchurch, N.Z.: Legacy Books.
———. 2009. “Life-Centered Ethics, and the Human Future in Space.” Bioethics 23 (8): 433–40. 
doi:10.1111/j.1467-8519.2008.00688.x. http://onlinelibrary.wiley.com/doi/10.1111/j.1467-
8519.2008.00688.x/abstract.
McKee, J. W., G. H. Janssen, B. W. Stappers, A. G. Lyne, R. N. Caballero, L. Lentati, G. Desvignes, et
al. 2016. “A Glitch in the Millisecond Pulsar J0613−0200.” Monthly Notices of the Royal 
Astronomical Society 461 (3): 2809–17. doi:10.1093/mnras/stw1442. 
https://arxiv.org/abs/1606.04098.
McNamara, Geoff. 2008. Clocks in the Sky: The Story of Pulsars. Springer-Praxis Books in Popular 
Astronomy. Berlin: Springer.
Messerschmitt, David G. 2012. “Interstellar Communication: The Case for Spread Spectrum.” Acta 
Astronautica 81 (1): 227–38. doi:10.1016/j.actaastro.2012.07.024. 
https://arxiv.org/abs/1111.0547.
Miller, James Grier. 1978. Living Systems. McGraw-Hill New York.
Miller, Jessie L. 1990. “The Timer.” Behavioral Science 35 (3): 164–96. doi:10.1002/bs.3830350302.
Mumford, Lewis. 1934. Technics and Civilization. New York: Harcourt, Brace and company.
Nakamura, Hiroshi. 1986. “SV40 DNA—A Message from  Eri?” ϵ Acta Astronautica 13 (9): 573–78. 
doi:10.1016/0094-5765(86)90059-7.
Newman, William I., and Carl Sagan. 1981. “Galactic Civilizations: Population Dynamics and 
Interstellar Diffusion.” Icarus 46 (3): 293–327. doi:10.1016/0019-1035(81)90135-4.
Oliver, Bernard M., and John Billingham. 1971. “Project Cyclops: A Design Study of a System for 
Detecting Extraterrestrial Intelligent Life.” In . 
http://adsabs.harvard.edu/abs/1971asee.nasa.....O.
Osłowski, S., W. van Straten, M. Bailes, A. Jameson, and G. Hobbs. 2014. “Timing, Polarimetry and 
Physics of the Bright, Nearby Millisecond Pulsar PSR J0437−4715 – a Single-Pulse 
Perspective.” Monthly Notices of the Royal Astronomical Society 441 (4): 3148–60. 
doi:10.1093/mnras/stu804. https://arxiv.org/abs/1405.2638.
Pacini, F. 1967. “Energy Emission from a Neutron Star.” Nature 216 (5115): 567–68. 
doi:10.1038/216567a0.
Penny, Alan John. 2013. “The SETI Episode in the 1967 Discovery of Pulsars.” The European 
Physical Journal H, 1–13. doi:10.1140/epjh/e2012-30052-6. http://arxiv.org/abs/1302.0641.
Popper, K. R. 1959. The Logic of Scientific Discovery. Routledge. 
https://archive.org/details/PopperLogicScientificDiscovery.
———. 1962. Conjectures and Refutations: The Growth of Scientific Knowledge. New York: Basic 
Books.
Rankin, Joanna M., and Geoffrey A. E. Wright. 2003. “Circulating Subbeam Systemsand the Physics of
Pulsar Emission.” The Astronomy and Astrophysics Review 12 (1): 43–69. 
doi:10.1007/s00159-003-0020-x. http://www.uvm.edu/~jmrankin/papers/A&A_rev.pdf.
Rawley, Lloyd, Dan Stinebring, Joe Taylor, Mike Davis, and David W. Allan. 1986. “Millisecond 
Pulsar Rivals Best Atomic Clock Stability.”
46
Pulsar Positioning System
Roberts, Mallory S. E. 2012. “Surrounded by Spiders! New Black Widows and Redbacks in the 
Galactic Field.” Proceedings of the International Astronomical Union 8 (S291): 127–32. 
doi:10.1017/S174392131202337X. 
http://www.journals.cambridge.org/abstract_S174392131202337X.
Rubtsov, V. 1991. “Criteria of Artificiality in SETI.” In Bioastronomy The Search for Extraterrestial 
Life — The Exploration Broadens, edited by Jean Heidmann and Michael Klein, 390:306–10.
Lecture Notes in Physics. Springer Berlin / Heidelberg.
Sagan, Carl. 1973. The Cosmic Connection; an Extraterrestrial Perspective. 1st ed. Garden City, N.Y: 
Anchor Press.
———. 1979. Broca’s Brain: Reflections on the Romance of Science. New York: Ballantine Books.
Sagan, Carl, Linda Salzman Sagan, and Frank Drake. 1972. “A Message from Earth.” Science 175 
(4024): 881–84. doi:10.1126/science.175.4024.881.
Sala, Josep, Andreu Urruela, Xavier Villares, Robert Estalella, and Josep M. Paredes. 2004. 
“Feasibility Study for a Spacecraft Navigation System Relying on Pulsar Timing 
Information.” ARIADNA Study 3 (4202.2003): 6. http://www.esa.int/gsp/ACT/doc/ARI/ARI
%20Study%20Report/ACT-RPT-MAD-ARI-03-4202-Pulsar%20Navigation-UPC.pdf.
Salthe, S.N. 2002. “The Natural Philosophy of Entropy.” Seed 2 (3). 
http://see.library.utoronto.ca/SEED/Vol2-3/2-3%20resolved/Salthe.htm.
Schick, Theodore Jr. 2002. “Do Extraordinary Claims Require Extraordinary Evidence?” In The 
Skeptic Encyclopedia of Pseudoscience, edited by Michael Shermer, 327–33. Santa Barbara, 
Calif: ABC-CLIO.
shCherbak, Vladimir I., and Maxim A. Makukov. 2013. “The ‘Wow! Signal’ of the Terrestrial Genetic 
Code.” Icarus 224 (1): 228–42. doi:10.1016/j.icarus.2013.02.017. 
https://arxiv.org/abs/1303.6739.
Sheikh, Suneel I. 2005. “The Use of Variable Celestial X-Ray Sources for Spacecraft Navigation.” 
http://drum.lib.umd.edu/handle/1903/2856.
Sheikh, Suneel I., A. Robert Golshan, and Darryll J. Pines. 2007. “Absolute and Relative Position 
Determination Using Variable Celestial X-Ray Sources.” Advances in the Astronautical 
Sciences 128 (7–10): 855. 
http://www.asterlabs.com/publications/2007/Sheikh_Golshan_&_Pines,_AAS_GCC_Februar
y_2007.pdf.
Sheikh, Suneel I., Darryll J. Pines, Paul S. Ray, Kent S. Wood, Michael N. Lovellette, and Michael T. 
Wolff. 2006. “Spacecraft Navigation Using X-Ray Pulsars.” Journal of Guidance, Control, 
and Dynamics 29 (1): 49–63. doi:10.2514/1.13331. 
http://www.asterlabs.com/publications/2006/Sheikh_et_al,_AIAA_JGCD_Jan_Feb_2006.pdf
Shklovsky, I. S. 1970. “Possible Causes of the Secular Increase in Pulsar Periods.” Soviet Astronomy 
13: 562. http://adsabs.harvard.edu/abs/1970SvA....13..562S.
Shostak, Seth. 1995. “SETI at Wider Bandwidths?” In , 74:447. 
http://adsabs.harvard.edu/abs/1995ASPC...74..447S.
———. 1999. “In Touch at Last.” Science 286 (5446): 1872–74. doi:10.1126/science.286.5446.1872. 
http://science.sciencemag.org.ezproxy.vub.ac.be:2048/content/286/5446/1872.
Siemion, A., J. Benford, J. Cheng-Jin, J. Chennamangalam, J. M. Cordes, H. D. E. Falcke, S. T. 
Garrington, et al. 2015. “Searching for Extraterrestrial Intelligence with the Square Kilometre
Array.” In Advancing Astrophysics with the Square Kilometre Array (AASKA14). 
https://arxiv.org/abs/1412.4867.
Siemion, A., J. Von Korff, P. McMahon, E. Korpela, D. Werthimer, D. Anderson, G. Bower, et al. 
2010. “New SETI Sky Surveys for Radio Pulses.” Acta Astronautica 67 (11–12): 1342–49. 
doi:10.1016/j.actaastro.2010.01.016. https://arxiv.org/abs/0811.3046.
Smart, J. M. 2009. “Evo Devo Universe? A Framework for Speculations on Cosmic Culture.” In 
Cosmos and Culture: Cultural Evolution in a Cosmic Context, edited by S. J. Dick and Mark 
L. Lupisella, 201–95. Washington D.C.: Government Printing Office, NASA SP-2009-4802. 
http://accelerating.org/downloads/SmartEvoDevoUniv2008.pdf.
47
Pulsar Positioning System
———. 2012. “The Transcension Hypothesis: Sufficiently Advanced Civilizations Invariably Leave 
Our Universe, and Implications for METI and SETI.” Acta Astronautica 78 (September): 55–
68. doi:10.1016/j.actaastro.2011.11.006. 
http://accelerating.org/articles/transcensionhypothesis.html.
Smith, George O. 1957. Troubled Star. New York: Avalon Books.
Spaceflight101. 2017. “Chinese Long March 11 Launches First Pulsar Navigation Satellite into Orbit – 
Spaceflight101.” Accessed January 9. http://spaceflight101.com/long-march-11-launches-
xpnav-1-satellite/.
Spilker, James J., and Bradford W. Parkinson. 1996. “Overview of GPS Operation and Design.” In 
Global Positioning System: Theory & Applications, edited by Bradford W. Parkinson and 
James J. Spilker, 1st edition. Washington, D. C.: Amer Inst of Aeronautics.
Sullivan, W. T. III. 1991. “Pan-Galactic Pulse Periods and the Pulse Window for SETI.” In 
Bioastronomy The Search for Extraterrestial Life — The Exploration Broadens, edited by 
Jean Heidmann and Michael J. Klein, 259–68. Lecture Notes in Physics 390. Springer Berlin 
Heidelberg. doi:10.1007/3-540-54752-5_226.
Sullivan, W. T. III, and J. M. Cordes. 1995. “Astrophysical Coding: A New Approach to SETI Signals. 
II. Information About the Sender’s Environment.” In Progress in the Search for 
Extraterrestrial Life, 74:337–42. ASP Conference Series. 
http://adsabs.harvard.edu/abs/1995ASPC...74..337S.
Swift, David W., ed. 1990. “Frank D. Drake (Interview).” In SETI Pioneers: Scientists Talk about 
Their Search for Extraterrestrial Intelligence. Tucson: University of Arizona Press.
Tanenbaum, Andrew S., and Maarten van Steen. 2007. Distributed Systems: Principles and Paradigms.
2nd ed. Upper Saddle RIiver, NJ: Pearson Prentice Hall.
Tartaglia, Angelo. 2010. “Emission Coordinates for the Navigation in Space.” Acta Astronautica 67 (5–
6): 539–45. doi:10.1016/j.actaastro.2010.04.007.
Tarter, Donald E. 1992. “Interpreting and Reporting on a SETI Discovery: We Should Be Prepared.” 
Space Policy 8 (2): 137–48. doi:10.1016/0265-9646(92)90037-V.
Torrieri, Don. 2011. Principles of Spread-Spectrum Communication Systems. 2nd edition. Springer.
Verbiest, J. P. W., M. Bailes, W. A. Coles, G. B. Hobbs, W. Van Straten, D. J. Champion, F. A. Jenet, 
et al. 2009. “Timing Stability of Millisecond Pulsars and Prospects for Gravitational-Wave 
Detection.” Monthly Notices of the Royal Astronomical Society 400 (2): 951–68. 
doi:10.1111/j.1365-2966.2009.15508.x. https://arxiv.org/abs/0908.0244.
Vidal, C. 2014. The Beginning and the End: The Meaning of Life in a Cosmological Perspective. New 
York: Springer. http://arxiv.org/abs/1301.1648.
———. 2015. “A Multidimensional Impact Model for the Discovery of Extraterrestrial Life.” In The 
Impact of Discovering Life Beyond Earth, edited by Steven J. Dick, 55–75. 
DOI:10.1017/CBO9781316272480.006. Cambridge: Cambridge University Press. 
http://tinyurl.com/vidal2015b.
———. 2016a. “Stellivore Extraterrestrials? Binary Stars as Living Systems.” Acta Astronautica 128: 
251–56. doi:10.1016/j.actaastro.2016.06.038. https://zenodo.org/record/164853.
———. 2016b. Panspermia: A Panoply of Possibilities. From Star and Planet Formation to Early Life, 
COST Action “Origins and Evolution of Life in the Universe” and the Nordic Network of 
Astrobiology, 25-28 April 2016, Vilnius, Lithuania. Vilnius, Lithuania. 
https://www.youtube.com/watch?v=GD0Hi6kbUhI.
———. 2017. “Pulsar Positioning System: A Quest for Evidence of Extraterrestrial Engineering.” 
Working Paper. https://arxiv.org/abs/1704.03316v1.
Voros, Joseph. 2014. “Galactic-Scale Macro-Engineering: Looking for Signs of Other Intelligent 
Species, as an Exercise in Hope for Our Own.” In Teaching and Researching Big History: 
Exploring a New Scholarly Field, edited by L. E. Grinin, D. Baker, E. Quaedackers, and A. 
Korotayev, 283–304. Volgograd, Russia: Uchitel Publishing House. 
http://arxiv.org/abs/1412.4011/.
Wade, Nicholas. 1975. “Discovery of Pulsars: A Graduate Student’s Story.” Science 189 (4200): 358–
64. doi:10.1126/science.189.4200.358.
48
Pulsar Positioning System
Wang, Jian, Jeng-Yuan Yang, Irfan M. Fazal, Nisar Ahmed, Yan Yan, Hao Huang, Yongxiong Ren, et 
al. 2012. “Terabit Free-Space Data Transmission Employing Orbital Angular Momentum 
Multiplexing.” Nature Photonics 6 (7): 488–96. doi:10.1038/nphoton.2012.138.
Webb, Stephen. 2015. If the Universe Is Teeming with Aliens ... Where Is Everybody? Science and 
Fiction. Cham: Springer International Publishing.
Wikipedia contributors. 2017. “List of Microorganisms Tested in Outer Space.” Wikipedia. 
https://en.wikipedia.org/w/index.php?
title=List_of_microorganisms_tested_in_outer_space&oldid=762932334.
Winternitz, Luke, Jason W. Mitchell, Munther A. Hassouneh, Jennifer E. Valdez, Samuel R. Price, 
Sean R. Semper, Wayne H. Yu, et al. 2016. “SEXTANT X-Ray Pulsar Navigation 
Demonstration: Flight System and Test Results.” March 10. https://ntrs.nasa.gov/search.jsp?
R=20160003320.
Wolfram, S. 2002. A New Kind of Science. Wolfram Media Inc., Champaign, IL.
Wright, J. T., Kimberly M. S. Cartier, Ming Zhao, Daniel Jontof-Hutter, and Eric B. Ford. 2016. “The 
Ĝ Search for Extraterrestrial Civilizations with Large Energy Supplies. IV. The Signatures 
and Information Content of Transiting Megastructures.” The Astrophysical Journal 816 (1): 
17. doi:10.3847/0004-637X/816/1/17. http://stacks.iop.org/0004-637X/816/i=1/a=17.
Wright, J. T., B. Mullan, S. Sigurdsson, and M. S. Povich. 2014. “The Ĝ Infrared Search for 
Extraterrestrial Civilizations with Large Energy Supplies. I. Background and Justification.” 
The Astrophysical Journal 792 (1): 26. https://arxiv.org/abs/1408.1133.
Xu, Yan, Heidi Jo Newberg, Jeffrey L. Carlin, Chao Liu, Licai Deng, Jing Li, Ralph Schönrich, and 
Brian Yanny. 2015. “Rings and Radial Waves in the Disk of the Milky Way.” The 
Astrophysical Journal 801 (2): 105. doi:10.1088/0004-637X/801/2/105. 
http://arxiv.org/abs/1503.00257.
Yokoo, Hiromitsu, and Tairo Oshima. 1979. “Is Bacteriophage ΦX174 DNA a Message from an 
Extraterrestrial Intelligence?” Icarus 38 (1): 148–53. doi:10.1016/0019-1035(79)90094-0.
10 Argumentative maps
The following argumentative  maps present  the core  argumentation  of  this
paper. The first graph maps the problem described in introduction and section
3, while the second graph maps the core argument presented in the paper.
Please read in a top-down direction.
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